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ABSTRACT
A kinetic investigation was conducted of the simultaneous 
hydrolsomerlzatlon and hydrocracking of cyclohexane in the presence 
of a particular zeolite, namely, a Pd-H-faujasite of low sodium 
content.
The catalyst was prepared, by steaming and ammonium exchanging 
a Na-faujasite material (SK-40) obtained from the Union Carbide 
Company, Linde Division. Presumably, the effect of steaming is to 
dislodge the sodium from the faujasite structure. Ammonium exchanging 
replaces the dislodged sodium cations with ammonium cations. Hydro­
gens tlon-dehydrogenation functionality Is Imparted to the catalyst by 
impregnating with — 0.6 wt.X of palladium. Upon calcination, ammonia 
and physically sorbed water are driven off resulting in the desired 
Pd-H-faujasite catalyst.
An integral tubular reactor was utilized to study the simultaneous 
hydrolsomerlzatlon and hydrocracking of cyclohexane. The reactor was 
immersed in a fluidized bed of sllica-alumlna particles in order to 
Insure Isothermal conditions. Electrolytic hydrogen, deoxygenated and 
dried, was employed as a diluent to keep the catalytic surface free of 
carbonaceous materials coononly referred to as "coke."
The cyclohexane feed was metered and introduced Into the reacting 
system with the aid of a Ruska pump. Liquid flow rates could be 
accurately adjusted by varying the gear ratios of the pump. Hydrogen
xli
flow rates were measured by means of a Foxboro Jewel orifice. A 
control valve was used to regulate the hydrogen flow. The reactor 
products were analyzed in a dual-column F&M Model 810R chromatograph.
A kinetic model was developed for the simultaneous hydroisomeri­
zation and hydrocracking of cyclohexane. The model involved a first 
order reversible hydroisomerization of cyclohexane to methylcyclopen- 
tane accompanied by first order irreversible hydrocracking of cyclo­
hexane and methylcyclopentane. It was found that the hydrocracking 
rate constants for cyclohexane and methylcyclopentane, in the presence 
of the Pd-H-faujasite catalyst used in this work, were essentially the 
same. The kinetic model was extensively tested and it was found to be 
in close agreement with the experimental data.
The Pd-H-faujaslte catalyst employed in this study was found to 
be very effective for hydroisomer 1 zing cyclohexane in the temperature 
range 490-550°F. It was demonstrated that as the severity of 
operations was Increased, by increasing either temperature or contact 
time*the hydrocracking reactions became more pronounced.
Mass transfer from the bulk gas stream t the surface of the 
catalyst particles had no effect on the hydroisomerization and hydro- 
cracking rate constants. This was demonstrated by varying the 
superficial velocity of the reacting stream at otherwise constant 
operating conditions.
Intraparticle diffusion was investigated in the range 14-200 mesh. 
It was concluded that the hydroisomerization and hydrocracking 
reactions were not diffusion limited.
Activation energies were obtained for the cyclohexane hydro­
isomer ization and hydrocracking reactions In the presence of the
xiii
Pd-H-faujasite catalyat employed for this work. Values of 24(+l) 
Kcal/gmole and 33(+3) Kcal/gmole were computed for the hydroisomeri­
zation and hydrocracking reactions respectively. These results were 
shown to be in good agreement with those reported in the literature.
The hydrolsomerlzatlon rate constants were found to be compatible 
with a dual site adsorption mechanism. The dual site model was 
formulated in terms of the hydrogen partial pressure and the hydro­
carbons partial pressure. Temperature dependencies were tied up with 
the adsorption parameters.
The hydrocracking rate constant was also compatible with a dual 
site adsorption mechanism. At temperatures below 520°P, it was found 
that the hydrocracking rate constant depended on both the hydrogen 
partial pressure and the hydrocarbons partial pressures. However, at 
temperatures In excess of 520°F, the hydrocracking rate constant 




Research work, on cyclohexane Isomerization catalysis has been 
extensive. Chronologically, the acidic halide catalysts (e.g., A1C1 3 + 
HC1) entered the cyclohexane isomerization arena in the nineteen 
thirties. They were followed by the acidic chalcides (e.g., WSg) in 
the forties, by the dual function metal on amorphous supports (e.g., 
Ni-Si0 2 “A l 2 0 3 ) in the fifties, and by the dual-function metal on 
zeolites (crystalline aluminosllicates) in the sixties.
In general, the same catalyst-types employed for hydroisomerizing 
cyclohexane have been utilized to study the hydrocracking or ring- 
opening reactions.
The acidic halide catalysts are effective at temperatures below 
350°F. On the other hand, the acidic chalcides and the dual function 
metal on amorphous support catalysts operate at temperatures in excess 
of 600°F. Intermediate temperatures, in the range 400-600°F, are 
required for the zeolite catalysts.
Little attention has been given to the competitive kinetics 
involved in the simultaneous hydrolsomerlzatlon and hydrocracking of 
cyclohexane.
The objective of this work Is to study the simultaneous hydro- 
isomerization and hydrocracking of cyclohexane in the presence of a 
specific zeolite; namely, a Pd-H-faujasite of low X Na (0.32) prepared 





The first part of this chapter contains a compilation of the 
equilibrium measurements obtained by several investigators for the 
cyclohexane-methylcyclopentane system. Subsequently, a schematic 
review of the cyclohexane hydrolsomerlzatlon or hydrocracking reactions 
conducted in the presence of non-zeolite and zeolite catalysts is 
presented. Some time is also spent emphasizing the Importance of 
zeolites as catalysts.
The chapter is concluded with a discussion of the proposed 
mechanisms for the hydroisomeri^ation or hydrocracking of cyclohexane. 
fl. Cyclohexane-Methylcyclopentane Equilibrium
The equilibrium measurements obtained by several investigators 
for the cyclohexane-methylcyclopentane system are summarized in 
Figure I.
The indicated temperature levels give a good indication of the 
differences in operating conditions among the most frequently employed 
cyclohexane isomerization catalysts. As noted from Figure l f the 
acidic halide catalysts (AICI3 ) operate below 340°F. On the other 
hand, the acidic chalcide catalyst (Ni-Si0 2 -Al 2 0 3 ) is effective at 
temperatures in excess of 650°F. Intermediate temperatures are re­
quired for the zeolite catalyst (Pd-H-mordenlte).
Symbol (reference)Tenperature Catalyse









100 200 300 400 500 600 700
Temperature, F
Figure 1: Summary of Equilibrium Measurements for the Cyclohexane - Methylcyclopentane System.
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The dotted line in Figure 1 corresponds to the equilibrium 
compositions of cyclohexane and methylcyclopentane as computed from 
the free energy data available In the API Project 44 (37). There is 
considerable disagreement between the equilibrium compositions 
obtained experimentally and those calculated by means of the free 
energies of formation. Since the changes in free energy involved for 
the cyclohexane-methylcyclopentane system are small, erroneous results 
could occur by taking the difference between two large numbers. 
Consequently, the equilibrium constant employed In the present study 
was based on the experimentally determined equilibrium compositions.
C . Non-Zeolite Catalysts
1. Isomerization of Cyclohexane
a . In the Presence of Acidic Halide Catalysts
Aluminum chloride and aluminum bromide have been 
extensively employed (9,42,24,34,35,46) for lsomerlzlng cyclohexane 
and methylcyclopentane. In order for these catalysts to be active, a 
promoter must be introduced into the reacting system. Water, hydrogen 
halides (42,30,11), cyclohexene (32), and oxygen (33) have been success­
fully used as promoters or Initiators.
The nature of the catalytic action involves a push-pull 
(43) strain on the hydrocarbon molecule. Consider for example an 
aluminum chloride-hydrogen chloride catalytic system in which trace 
amounts of water have been Introduced. It is postulated (24) that a 
complex is formed according to the following reaction:
HC1 +  AlCl 3 ^ r ? H +  A1C1*
U 2 0
Catalytic action can be visualized as a proton (H+ ) - anion (AlCli,) 
attack on the hydrocarbon molecule forcing it to rearrange.
5
In order to avoid aluminum chloride sludges, a hydrogen 
atmosphere (— 600 psig) was employed by Lien and co-workers (24) to 
study the rate of isomerization of cyclohexane in the presence of an 
A1C1 3 -HCl-H 2 0  (traces) catalytic system. A 30% decrease in the 
reaction rate was observed as the hydrogen partial pressure was in­
creased from 0 - 1 0 0 0  psig.
Other acidic halide catalysts employed to isomerize 
cyclohexane include: GaCl 3 (38), FeCl 3 (47,4), SnCli+ (47,4), ZnCl^
(47,4), TiCl3(26), and TiCl 4 (26).
Acidic halide catalysts are not attractive for 
isomerizing cyclohexane to methylcyclopentane since they operate at low 
temperatures (-“-220°F.) where the isomer equilibrium yield is unfavor­
able. Moreover, they are corrosive and very susceptible to deactiva­
tion (32) .
b . In the Presence of other Catalysts
Acidic chalcides (9) derive their name from the 
"ohalcogens" employed to prepare them; namely, oxygen, sulfur, selenium, 
and tellurium. They comprise a wide variety of oxides, sulfides, and 
amorphous silica-alumina mixtures.
An extensive study of the cyclohexane hydroisomerization 
kinetics over a tungsten sulfide catalyst was conducted by Gonikberg 
and Levistskii (14,22,13,21). Some of their most Important findings 
are summarized as follows:
• In the temperature range (610-710°F.) 
the isomerization reaction proceeded 
without diffusion limitations. Above 
710°F. the isomerization rate was
b
diffusion limited.
• An activation energy of 30 Kcal/gmole 
was obtained in the temperature region 
(610-710°F.) where diffusion was not 
limiting the reaction rate.
• At 610°F. and 645°F. an increase in 
total pressure led to a decrease in 
the extent of Isomerization. At 695°F, 
the isomerization rate remained constant 
as pressure was increased. At 7 50°F, 
and 800°F, the isomerization rate in­
creased with total pressure.
• The presence of oxygen and water 
lowered the hydrogenation activity of 
the catalyst but increased its isomeri­
zation functionality.
Maslyanskil (25) investigated the cyclohexane hydro­
isomerization kinetics in the presence of a molybdenum sulfide 
catalyst. He concluded that the isomerization rate decreased with an
Increase in the partial pressure of cyclohexane and was Independent of
the hydrogen partial pressure. An activation energy of 35.4 Kcal/gmole 
was reported.
An improvement in chalclde catalysts results when
hydrogenation functionality, via a transition metal or metal oxide, is
combined with the acidic activity of silica alumina mixtures. Dual 
function chalclde catalysts employed to lsomerlze cyclohexane Include: 
Ni-Si0 2 -Al 2 0 3 (8 ), Cr 2 0 3-Al 2 O 3 (23), NiMo0n-Si0 2 -Al 2 0 3 (51).
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The main asset of the dual function chalclde catalysts 
for isomerizing cyclohexane is that they operate at a higher tempera­
ture level (600-700°F.) where the Isomer equilibrium yield is more 
favorable. They are also less corrosive, easier to handle, and more 
rugged. However, at the higher temperature levels, the hydrocracking 
reactions become more pronounced and the yields of methylcyclopentane 
are considerably reduced, as pointed out in the next section.
2 . Hydrocracking of Cyclohexane
Cawley and Hall (7) investigated the hydrocracking of cyclo­
hexane over a molybdenum sulfide catalyst. A summary of the experi­
mental conditions and product distribution is presented In Table 1.
As observed from Table 1, Run A corresponds to the mildest 
conditions at 710°F. and 1 hourly space velocity. As the temperature 
la increased to 750°F. at the same space velocity, Run B, isomerization 
Increases at a faster rate than hydrocracking. However, the hydro- 
cracking reactions predominate as the severity of operations is further 
augmented either by increasing temperature, Run C, or by decreasing 
space velocity, Run D.
A MoS 2 -Al 2 0 3  catalyst proved to be less active than the pure 
pelleted MoS 2 catalyst shown in Table 1* It was proposed that cyclo­
hexane disappeared according to the following scheme;








Tabli 1: Product Distribution from Hydrocracking Cyclohexane in the
Presence of a Molybdenum Disulfide Catalyst (7).
Run A B C D
Catalyst ------------Mo S2 ----------------
H 2 Pressure, psig   3000 ---------------
Throughput, vol. liq./vol. cat./hr. 1-0 1.0 1.0 0,3
Temperature, F. 710 750 880 880
Yields of Product (wt.I)
Pentanes” 2 . 6 3.3 23.3 59.2






Methylcyclopentane 14.5 81.0 36.6 12.4
Cyclohexane 82.9 9.9 3.4 1.5
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An activation energy of 30-35 Kcal/gmole has been reported 
(18) for the cyclohexane hydrocracking reaction over a platinum-alumina 
catalyst. Cyclohexane hydrocracking reactions have also been conducted 
in the presence of a cobalt-molybdenum-alumina catalyst (19,31).
The hydrocracking of alkylcyclohexanes was studied by Egan 
and co-workers (1 0 ) over a nickel sulfide on sillca-alumlna, and a 
sillca-alumlna catalyst. The experimental data appeared consistent 
with a first order Irreversible kinetic model.
The splitting of cyclohexane to lower molecular weight 
hydrocarbons has also been observed over an acidic halide catalyst; 
namely, A1C1 3-HCl (20). It was concluded that the ring splitting to 




Zeolites are crystalline alumlnosillcates consisting of SIO^ 
and AlO^ tetrahedral structures arranged in a variety of geometrical 
forms. The growth in zeolite research can be demonstrated by the 
number of publications that have appeared in recent years. From 1909 
until 1969, 4500 papers have appeared in the open literature, and 1000 
patents have been issued in the United States alone (6 ).
Zeolites, natural or synthetic, may be represented (5) by the
general formula where M  is a metal cation of valence n, and x, y, and a
M . [(A102) (S102) ] • aH20x/n z x y z
are the moles of alumina, silica, and water associated with a unit cell
size.
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The fundamental crystalline structure of zeolites consists 
of SI or A1 atoms in the center of a tetrahedron with oxygen in the 
corners being shared by adjacent tetrahedral configurations. The SiOi, 
tetrahedron Is electrically neutral since four negatively charged 
oxygen ions are exactly paired by Si . However, the alumina tetrahe- 
dron containing A1 J is negatively charged. In order to maintain 
electrical neutrality, the alumina tetrahedron can take up a monovalent 
metal cation such as Na+ or K+ . Also, two alumina tetrahedra can share 
a divalent metal cation such as Ca* or Baz .
A recent structural clas^ification of zeolites has been 
proposed by Breck (6 ). An abridged summary of the classification is 
presented in Table 2. Within each group, the zeolites have a common 
substructure.
The catalyst employed in the present investigation was pre­
pared by the Esso Research Laboratories at Baton Rouge, from a fauja- 
slte base material. Further description of the catalyst and its 
preparation are given in Chapter III.
The catalytic applications of zeolites have been numerous. 
There are several bibliographic reviews (28,44,45) pertaining to 
catalysis with zeolites and on zeolites in general (2,5) covering the 
literature up to 1966. Rabo (36) has presented a selective review up 
to 1970.
2. Cyclohexane Hydroisomerlzation over Zeolite Catalysts
Hopper (17) studied the cyclohexane hydroisomerization 
kinetics over structurally modified Pd-H-mordenites having silica to 
alumina mole ratios of 9/1, 10/1, 26/1, and 52/1. The following results 
were obtained:
Tab’e 2: Structural Classification of Zeolites (6)
Void
Name Unit Cell Size Formula Fraction
Group 1
Analclme (Na)1 6 [(A102 ) 1 6 (S102)32] • 16 HgO 0.18
Phillipeite ( K , N a ) [(A102 )jo(Si02)22] • 20 h20 0,31
Paulingite (K)gg (Na) j 3 (Ca) 3 . g (Ba) 3 . 5 [ (A102 ) j 8 2 (Si02 ) 9 2 q ] • 700 H^O 0.49
Yugavaralite (Ca) 2 [ (A102) i* (S i02) i 2 ] • 8 H20 0.27
Group 2
Erionite (Ca, Mg, X2 , Na2 )4 .5 [(A102 )9 (Si02)27] • 27 H20 0.35
Of fretite (K2 , Ca) 2 .7 [ (A102) 5 . 4  (Si02) 1 2 - 6 ] * H20 0.40
Omega (Ma)6 .8 (TMA)1 .6 [(A102 )e (Si02)28] • 21 H20 0.38
T (Na)1 .2 (K)2 .8 [(A102 )1+(Si02)19] • 14 H20 0,40
Group 3
A (Na)1 2 [(A102 )1 2 (Si02 )j2 ] • 27 H20 0.4^
P (Na)6 [(AlO2 )6 (SiO2)10] * 15 H20 0.41
Group 4
Faujasite (Na2 , K2 , Ca, Mg)2 9 .5 [(A102 )sg(Si02)133] • 235 H20 0.47
X (Na)g6 [(A102 )g8 (Si02 )jg8 ] • 264 H20 0.50
Chabazite (Ca)2 [(A102 )9 (Si02)s] • 18 H20 0.47
Gmelinite (Na)g[{A102 )g(Si02 )]6 ] • 24 H20 0.44
ZK-5 (R2 , Na2) 3 g[(A102 ) 3 0 (Si02 )g8 ] • 98 H20 0.44
L (K) 9 [(A102 )g(Si02 )2 7 ] • 22 H20 0.32
Group 5
Natrolite (Na)1 6 [(Al2 0 3) 1 6 (Si02)2J  • 16 H20 
(Na)1+(Ca)e[(AlO2 )2 0 (SiO2)20] • 24 H20
0.23
Thomsonite 0.32






















Table 2 Cont'd: Structural Classification of Zeolites (6)
Void
Name Unit Cell Sire Formula Fraction
Group 6
Mordenite (Na>8 [(AlO2 ) 8 (SiO2 K 0] • 24 H20 0.28
Dachiardite (Na)5 [(A102 ) 5 (Si02 ) ig] • 12 H20 0.32
Epistilbite (Ca)3 [(A102 )8 (Si02 )ie] a 18 H20 0.25
Group 7
Heulandite (Ca)i+ [(A102 )g(SiO2)20] • 24 H20 0.39









• The hydroIsomerization of cyclohexane was 
compatible with a first order reversible 
reaction rate model.
• Activation energies of 23-35 K.cal/gmole 
were obtained.
• The hydroisomerization rate decreased with 
an Increase in hydrocarbon partial pressure, 
at constant hydrogen partial pressure, for 
all Pd-H-mordenites investigated.
• The hydroisomerization rate decreased with 
an Increase in hydrogen partial pressure, 
at constant hydrocarbon partial pressure, 
for the 9/1 and 10/1 silica to alumina mole 
ratio catalysts.
• The hydrolsomerlzatlon rate was Independent 
of hydrogen partial pressure, at constant 
hydrocarbon partial pressure, for the 52/1 
silica to alumina mole ratio catalyst.
e The rate constants were correlated with the 
hydrogen and hydrocarbons partial pressure 
by means of a dual site adsorption mechanism.
The simultaneous hydrolsomerlzatlon and dehydrogenation of 
cyclohexane at reforming conditions over a Pt-alumlna-mordenlte 
catalyst was investigated by Allan (1). An activation energy of 12.5 
Kcal/gmole was obtained for the hydrolsomerlzatlon reaction. The low 
value of the activation energy was explained in terms of diffusion 
limitations within the zeolite "micropores." The hydrolsomerlzatlon
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data was consistent with a first order reversible reaction model and 
was compatible with either a single or dual site adsorption mechanism.
The hydrolsomerlzatlon of cyclohexane has also been conducted 
(27) over zeolites A, X, and Y In their cationic forms impregnated with 
0.5% P t , P d , Rh or Ir. The silica to alumina mole ratios were varied 
from 2 to 6 . It was found that zeolites In the Na-form were inactive. 
The catalytic activity was improved when the Na+ cations were replaced 
by Ca . By Increasing the silica to alumina mole ratios, the hydro- 
isomerization activity was augmented.
The optimal preactivation treatment of zeolite catalysts for 
hydroIsomerlzlng cyclohexane has been the subject of several patents 
(50,52,48,49) .
3. Cyclohexane Hydrocracking over Zeolite Catalysts
A comparative study of the cyclohexane hydrocracking 
reactions over a Pd-H-mordenite and a Pd-H-faujasite catalyst was con­
ducted by Hatcher (15). The experimental data was consistent with a 
first order Irreversible kinetic model. An activation energy of 31 
Kcal/gmole was reported for the cyclohexane hydrocracking reaction. 
Pressure effects were accounted for by means of a dual site adsorption 
mechanism. It was found that the Pd-H-mordenite catalyst was more 
active than the Pd-H-faujasite for hydrocvacklag cyclohexane.
The rate of coke deposition on Ca-X zeolites (as a function 
temperature and time), haa been investigated (39) for different feeds, 
namely; cyclohexane, n-hexadecane, decalin, and benzene. The coking 
tendencies of these compounds increased in the order shown, which Is 
also the order of increasing adsorption coefficients.
E. Mechanlams for the Hydrolaomerlzation or Hydrocracking of 
Cyclohexane
A widely accepted (32,34,33) mechanism for the Isomerization of 
cyclohexane in the presence of acidic halide catalysts involves three 
steps: carbonium ion formation, carbonlum ion rearrangement, and
carbonium ion propagation. The carbonlum ion formation step requires 
the presence of a promoter as discussed in Section C. A schematic 
representation of the chemical reactions is as follows:
• Carbonlum ion formation
For the dual function catalysts, chalcldea (16) or zeolites (17), 
the overall cyclohexane hydrolsomerlzatlon process results from the 
combined action of the metallic and acidic sites. Dehydrogenation- 
hydrogenation occurs at the metallic oiLes while carbonium ion 
rearrangements take place at the acidic sites. A stepwise formulation 
of the whole process can be visualized as:
• Dehydrogenation to form an olefin (metallic sites)
+
+ RH
• Carbonlum ion rearrangement
• Carbonium ion propagation
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• Olefin hydrolsomerlzatlon by carbonlum ion 
rearrangement (acidic sites).
O  ̂ 0  =  CJ±CH3
• Hydrogenation of iso-olefin (metallic sites)
C j r CHs + U2 c i _ c“3
The hydrocracking mechanism (3,10,15) is very similar to 
that for hydrolsomerlzatlon over dual function chalclde or zeolite 
catalysts. The only difference is that once the carbonium ion is 
formed, it can be either cracked or Isomerlzed or both.
17
LIST OF REFERENCES - CHAPTER II
1. Allan, D. E . , "The Dehydrogenation and Isomerization of Cyclohexane
Over a Pt Alumina Mordenlte Catalyst," Ph.D. dissertation, 
Department of Chemical Engineering, Louisiana State University, 
1970.
2. Barrer, R. M . , "Molecular Sieves [as Zeolites]," Endeavour, 2 3 ,
122 (1964).
3. Beuther, H. and Larson, 0, A., "Role of Catalytic Metals in
Hydrocracking," Industrial and Engineering Chemistry Process 
Design and Development, 177 (1965) .
4. Bonnot, L. and Jenny, R . , "Isomerization Reactions Catalyzed by
Metallic Chlorides in Aqueous Hydrochloride Solutions," Compt.
Rend., 250, 3179 (1960); Chemical Abstracts, 5 4 , 24468 b (1960).
5. Breck, D. W . , "Crystalline Molecular Sieves," Journal of Chemical
Education, 4_I, (No. 12), 678 (1964).
6 . Breck, D. W . , "Recent Advances in Zeolites, "Second International
Conference on Molecular Sieve Zeolites, Worcester, Massachusetts, 
September (1970).
7. Cawley, C. M. and Hall, C. C . , "Reactions of Cyclohexane and
Decahydronaphthalene Under Hydrogenation - Cracking Conditions," 
Journal of the Society of Chemical Industry (London), 6̂ 3, 33
(1944).
8 . Ciapetta, F. G. and Hunter, J. B . , "Isomerization of Saturated
Hydrocarbons, Paraffins," Industrial and Engineering Chemistry,
45, 147 (1953).
9. Condon, F. E . , "Catalytic Isomerization of Hydrocarbons," Catalysis,
6 ^ 43, Reinhold Publishing Corp., New York, New York, 1958.
10. Egan, C. J., Langlois, G. E . , and White, R. J., "Selective Hydro-
cracking of C9  to C 1 2  - Alkyleyelohexanes on Acidic Catalysts. 
Evidence for the Paring Reaction," Journal of the American 
Chemical Society, 8 4 , 1204 (1962).
11. Gawalek, G., Schneider, G. and Koennecke, H. G . , "Influence of Co-
Catalysts on the Isomerization of Cyclohexane with AlClj to 
M e t h y l c y c l o p c n t a n e Z. Physik. Chetn. . 223, 269 (1963).
18
12. Clazebrook, A. L . , and Lovell, U. G., "The Isomerization of
Cyclohexane and Methylcyclopentane," Journal of the American 
ChemlcaJ Society, 6 1 , 1717 (1939),
13. Conlkberg, M. G, and Levlstskll, I. I,, "The Effect of Hydrogen
Pressure on the Velocity of Heterogeneous Catalytic Isomerization 
of Cyclohexane, III. Study of the Causes of Inhibition of 
Isomerization by Increasing Hydrogen Pressure," Izvest. Akad.
Nauk S .S.S.R., Otdel. Khim. Nauk, 1170 (1960); Chemical Abstracts 
55, 25789a (1961).
14. Gonikberg, M. G . , Levitskil, I. I., and Kazanskli, B. A., "Effect
of the Hydrogen Pressure on the Rate of the Heterogeneous - 
Catalytic Isomerization of Cyclohexane. I. Kinetics for the 
Isomerization of Cyclohexane on a Tungsten Sulfide Catalyst," 
Izvest. Akad. Nauk S.S.S.R., Otdel., Khim. Nauk, 611 (1959); 
Chemical Abstracts, 5 4 , 57i (1960).
15. Hatcher, W. J., "Hydrocracking of Normal Hexane and Cyclohexane
Over Zeolite Catalysts," Ph.D. dissertation, Department of 
Chemical Engineering, Louisiana State University, 1968.
16. Hinden, S. G . , Weller, S, W . , and Mills, G. A., "Mechanically Mixed
Dual Function CatalystB,: Journal of Physical Chemistry, 6 2 , 244
(1958) .
17. Hopper, J. R. , "A Study of the Catalytic Hydroisomerization
Reactions of N-Pentane and Cyclohexane Over Structurally Modified 
Mordenites," Ph.D. dissertation, Department of Chemical 
Engineering, Louisiana State University, 1969.
18. Iijima, K . , Schimizu, S., Furukaw, T., and Yoshida, N . , "Hydro-
decyclizatIon of Methylcyclopentane and Benzene in the Presence 
of a Reforming Catalyst," Bulletin of the Japan Petroleum 
Inst itute, 5_, 1 (1963).
19. Kazantseva, V. M . , Neudachlna, V. I., and Kalechlts, I. V.,
"Characteristics of Hydrocracking Catalysts in Experiments with 
Some Individual Hydrocarbons," Neftepererab. Neftekhlm.
(Moscow), 8 , 23 (1968); Chemical Abstracts, 69 , 108314u (1968).
20. Koch, H., and Gilfert, W . , "The Isomerizing and Hydrogen Splitting
of Hydrocarbons with Aluminum Chloride - Hydrogen Chloride. I. 
Pure Paraffins and Naphthenes," Brennstoff - Chem., 30 , 413 
(1960).
21. Levitskii, I. I., and Gonikberg, M. G. "Effect of Hydrogen Pressure
on the Rate of the Heterogeneous Catalytic Isomerization of 
Cyclohexane. II. Relation of the Rate of Isomerization of Cyclo­
hexane to the Partial Pressure of Hydrogen, Temperature, and 
Grain Size of the Tungsten Sulfide, Izvest. Akad. Nauk S.S.S.R., 
Otdel Khim. Nauk, 996 (1960); Chemical Abstracts. 5 4 , 571 (1960).
19
22. Levitskii, I. I., and Gonikberg, M. G . , "Effect of Oxygen and
Water on the Hydrogenating and Isomerizlng Activity of Tungsten 
Sulfide Catalyst," Doklady Akad. Nauk. S.S.S.R., 137, 609 (1961); 
Chemical Abstracts,~~55, 19822a (1961).
23. Levitskii, I. I,, Minachev, Kh.M., Bogomolov, V. I., and Udal'tsova,
E. A . , "Effect of Oxygen on the Hydrogenolysis of Methylcyclo- 
pontane on an Alumina-Chromium Oxide Catalyst," Neftkhimiya, _7,
330 (1967); Chemical Abstracts, 6 7 , 116607r (19b7) .
24. Lien, A. P., D'Ouville, E. L., Evering, B. L . , and Grubb, H. M , ,
"Rate of Isomerization of Cyclohexane," Industrial and Engineer­
ing Chemistry. 44, (No. 1), 351 (1952).
25. Maslyanskil, G. N . , "Kinetics of Isomerization of Cyclohexane at
High Pressures," Journal of General Chemistry (U.S.S.R.), 13 ,
540 (1943).
26. Mihail, R. "Titanous Chloride as an Isomerization Catalyst,"
Angew. Chem., 70, 343 (1958); Chemical Abstracts, 53, 259e
(1959).
27. Minachev, Kh. M . , Garanin, V. I., and Isakov, Ya. I., "Synthetic
Zeolites as Catalysts," Probl. Kinetiki i Katallza, Akad. Nauk.
S .S .S .R . , 1 1 , 214 (1966); Chemical Abstracts, 6 5 , 18378h (1966).
28. Minachev, Kh. M . , Garanin, V. I., Isakov, Ya. I., "Applications of
Synthetic Zeolites (Molecular Sieves) in Catalysis," Usp. Khim.,
3 5 , 2151 (1966) (Russ.); Chemical Abstracts, 6 6 , 49594Y (1967).
29. Mizushima, S., Morino, Y. and Flyisiro, R. , Science Papers
Institute Physics Chemical Research (Tokyo), ^ 8 , 1034 (1941).
30. Nenltzescu, C. D . , Avram, M, and Sllam, E . , "The Catalytic
Isomerization of Saturated Hydrocarbons. The Mechanism of 
Activation of Aluminum Chloride by Water," Bull. Soc. Chlm.
France, 1266 (1955).
31. Neudachina, V. I., and Kalechits, I. V., "Chemistry of the
Conversion of Individual Hydrocarbons Under Hydrocracking 
Conditions in the Presence of Aluminum-Cobalt-Molybdenum and 
Platinum Catalysts," Neftepererab. Nef tekhim. , 1_, 21 (1969); 
Chemical Abstracts, 70, 79686e (1969).
32. Pines, H , , Abraham, B. M. and Ipatieff, V. N . , "Isomerization of
Saturated Hydrocarbons. V. The Effect of Cyclohexane Upon the 
Isomerization of Methylcyclopentane and Cyclohexane," Journal of 
the American Chemical Society, 70 , 1742 (1948).
33. Pines, H . , Arlstoff, E . , and Ipatieff, V. N . , "Isomerization of
Saturated Hydrocarbons. VIII. The Effect of Oxygen and Light 
Upon the Isomerization of Methylcyclopentane in the Presence of 
Aluminum Bromide," Journal of the American Chemical Society, 72 , 
4304 (1950).
JO
34. Pines, H . , Aristoff, E . , and Ipatieff, V. N., "Isomerization of
Saturated Hydrocarbons. VII. The Effect of Light Upon the 
Isomerization of Methylcyclopentane in the Presence of Aluminum 
Bromide - Hydrogen Bromide," Journal of the American Chemical 
Society, 72, 4055 (1950).
35. Pines, H., Aristoff, E., and Ipatieff, V. N . , "isomerization of
Saturated Hydrocarbons. XII. The Effect of Experimental 
Variables, Alkyl Bromides and Light Upon the Isomerization of 
Methylcyclopentane in the Presence of Aluminum Bromide," Journal 
of the American Chemical Society, 7 5 , 4775 (1953).
36. Rabo, J. A. and Poutsma, M. L . , "Structural Aspects of Catalysis
with Zeolites," Second International Conference on Molecular 
Sieve Zeolites, Worcester, Massachusettes, Septemper (1970)
37. Rossini, F. D . , ec.al., Selected Values of Physical and Thermo­
dynamic Properties of Hydrocarbons and Related Compounds,
Carnegie Press, Pittsburgh, Pa., 1953.
38. Russell, G, A., "Catalysis by Metal Halides. IV. Relative
Efficiencies of Friedel - Crafts Catalysis in Cyclohexane - 
Methylcyclopentane Isomerization, Alkylatlon of Benzene, and 
Polymerization of Styrene," Journal of the American Chemical 
Society. 81, 4815 (1959).
39. Sabitova, V. F. , Levinter, M. E . , Tanatorov, M. A., Akhmetshina,
M. N . , "Comparison of the Kinetics of Coke Formation on Ca X 
Zeolites and Amorphous Aluminoslllcates," Izv. Vyssh. Vcheb. 
Zaued., Neft. Gaz, 12, 59 (1969); Chemical Abstracts, 71, 103785e 
(1969).
40. Schuit, G. C. A., Hoog, H. and Verhevs, J . , "Investigation Into the
Isotnerizations of Allphatlcs and Alicyclic Hydrocarbons," Recueil 
des Traveux ChiiLlques de Pays-Bas, 59. 793 (1940).
41. Shuikin, N. I., "The Contact - Catalytic Isomerization of Six -
Membered into Five - Membered rings," Bulletin of the Academy of 
Science (U.S.S.R.), 440 (1944); Chemical Abstracts, 39, 4319
(1945).
42. Stevenson, D. P., and Morgan, J. H . , "The Isomerization of Cyclo­
hexane and Methylcyclopentane in the Presence of Aluminum Halides.
II. Equilibrium ar.d Side Reaction," Journal of the American 
Chemical Society. 70, 2773 (1948).
43. Swain, C. G . , "Kinetic Evidence for a Termolecular Mechanism in
Displacement Reactions of Thrlphenylmethyl Halides in Benzene 
Solution," Journal of the American Chemical Society, 70, 1119 
(1948).











Venuto, P. B. , Landis, P., "Organic Catalysis Over Crystalline 
A l u m i n o s l l l c a t e a Advances in Catalysis. 1 8 , 259 (1968).
Zellnskli, N. D. , Turova - Polyak, M. B., Tsvetkova, N. F. and 
Treshchova, E. G . , "Isomerization of Cyclohexane by Aluminum 
Chloride," Zhur. Obshchel. Khim., 2 1 , 2160 (1951); Chemical 
Abstracts, 4 6 , 8024a (1952).
Patents 
French Patent 1,314,358 
French Patent 1,359,087 
French Patent 1,510,098 
U. S. Patent 3,069,482 
U. S. Patent 3,108,974 
U. S. Patent 3,299,153
CHAPTER III
CATALYST PREPARATION AND ANALYTICAL MEASUREMENTS
A. Introduction
A recent British patent by the Mobil Company (2) advocates 
steaming and ammonium exchanging to increase the catalytic activity of 
faujasites. Presumably, the objective of the steaming step is to 
dislodge the sodium from the faujasite structure. Ammonium exchanging 
replaces the dislodged sodium cations with ammonium cations.
Employing the general techniques described in the above mentioned 
patent, the Esso Research Laboratories at Baton Rouge, Louisiana, 
prepared a faujasite base, which they impregnated with 0.6Z Pd to 
impart hydrogenation - dehydrogenation functionality. Upon calcination, 
ammonia was driven off resulting in the desired H-faujasite form.
B . Catalyst Preparation
The catalyst preparation consisted of three steps: (1) prepara­
tion of the H-faujaslte base; (2) Impregnation of the base with P d ; and
(3) activation of the catalyst. The Information on each step is 
summarized below.
1. Preparation of the Base
As already mentioned, this step was carried out at the Esso 
Research Laboratories employing the teachings of a recent British patent 
(2). The starting material was Na-faujaslte (SK-40) obtained from the 
Union Carbide Company, Linde Division. The final base is NHi,-faujasite
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of a low sodium content.
2. Impregnation of the Baae with Pd
This step, also performed at the Esso Research Laboratories 
involved the Impregnation of the base with Pd (NHgJt, CI 2 calculated t 
give about 0.6 w t .Z of Pd in the finished catalyst.
3. Activation of the Catalyst
This final step was carried out at Louisiana State 
University, It involved the calcination of the catalyst to drive off 
water and ammonia in order to obtain the desired Pd-H-fauJasite form. 
The calcination was conducted according with the following schedule:
a. The catalyst samples were placed in Vycor 
containers inside a furnace.
b. Purified air was passed over the catalyst 
during calcination. Hydrocarbons were 
removed from the air by converting them 
to carbon dioxide over a copper catalyst 
at 1000°F. Moisture is trapped in a bed 
of 13-X molecular sieve and indicating 
Drierite.
c. The furnace temperature was raised to about 
350°F. at a rate of 100°F./hr and maintained 
there for 16 hours. This low temperature 
was employed to prevent damaging the zeolite 
crystal structure by sudden water movements.
d. The temperature was Increased to 1000°F. at 
a rate of 100°F./hr and maintained there for 
2 hours.
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e. Finally, upon cooling the furnace to 400- 
450°F., the catalyst samples were removed, 
placed in sealed vials, weighed, and 
stored in a dessicator.
C . Analytical Measurements on the Catalyst
A summary of the analytical measurements obtained on a fresh 
calcined catalyst sample is as follows:
Analysis Results
N a , wt.% 0.32
■? * Surface area, m^/gm 789
A1 2 0 3, w t .X 22.0
Si02 , wt.% 75.6
Palladium, w t .% 0.624
Hopper (1), a former Investigator in this project, has described 
the techniques employed in securing the above mentioned analysis.
* Langmulr
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EXPERIMENTAL EQUIPMENT AND PROCEDURE
A. General
The equipment employed In this experimentation was obtained from 
the Esso Research Laboratories, Baton Rouge, Louisiana. All the 
experimental equipment is located in the Petroleum Processing 
Laboratory of the Chemical Engineering Department at Louisiana State 
University. This research program is sponsored by the Esso Research 
and Engineering Company. P. A. Bryant, the pioneer researcher in this 
project, designed the experimental units and supervised their construct- 




A schematic flow diagram of the experimental equipment is 
shown in Figure 2. The unit is composed of three main sections: feed,
reactor, and product recovery.
Excluding the Ruska pump and the gas cylinder, the unit is 
housed In a walk-in hood having a 3000 cfm exhaust fan and a sliding 
safety glaas door. The equipment la mounted on a steel frame, three 
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The cyclohexane feed was obtained from Phillips as 99 + 
mole % pure. It was stored over 3A molecualr sieves in order to keep 
it free from moisture.
The hydrocarbon feed is introduced into the positive 
displacement Ruska pump through a graduated buret. Liquid flow rates 
can be varied between 2 and 240 cc/hr by manually changing the gear 
ratios of the pump. The maximum capacity of the pump is 250 cc.
b . Hydrogen and Nitrogen
Electrolytic hydrogen from a gas cylinder is fed 
through a regulator, into the deoxygenation units where oxygen traces 
are converted to water by means of a palladium-alumina catalyst. The 
water formed is trapped in a bed containing 3A molecular sieves and 
indicating Drierlte.
Hydrogen flow rates are measured with the aid of a Fox- 
boro jewel orifice (0.006") Inserted in a differential pressure 
analyzer cell (DP Cell). A control valve is employed to regulate the 
hydrogen flow. Also, a back-up needle valve manifold is available to 
regulate the flow of hydrogen. Constant pressure drops across the "DP 
Cell" and the control valve are maintained with a "Mity-Mite" back 
pressure regulator. Unexpected pressure build-ups are taken care of by 
a safety release valve set at 1 0 0 0  psig.
Similar facilities are available for the nitrogen flow 




An enlarged view of the reactor section Is shown in Figure 3.
The entire reactor is immersed in a fluidlzed bed of sllIca-alumlna
particles to insure isothermal conditions. Air is employed as the
fluidization medium. It enters through a porous frit and is released
in a cyclone separator in order to recover the silica-alumina fines.
Heat is supplied to the bed by six 500-watt strip heaters. Half of the
heaters are adjusted manually with a rheostat. The remaining heaters
are automatically controlled by a Leeds and Northrup Electromax (C.A.T.)
*current-adjusting-type solid state temperature controller. A phaser 
power controller is used as the final control element to regulate the
voltage supplied to the sandbath heaters.
The hydrocarbon-hydrogen feed stream is vaporized and pre­
heated to the desired reaction temperature within the fluidized sand- 
bath. This is accomplished by coiling the inlet line several times 
around the reactor before the feed stream is brought in contact with 
the catalyst.
The reactor is made of 1/2" schedule 80 Inconel pipe. It can 
be easily opened by means of a temperature-compensated coupling. A
pressure-tight seal is provided by a steel ring which is replaced after
every run. Catalyst particles are contained within the reactor by two 
micro-metallic frits. The reactor can hold up to 40 cc of catalyst 
but the usual charge is 15 c c .






















mm in m m m m m u r T T T T
I
Porouc Frit
Figure 3: Enlarged View of Reactor Section.
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Temperature in the catalyst bed is measured by a i/16" iron- 
constantan thermocouple. It enters the reactor through a Conax fit­
ting and its tip penetrates 1/4" Into the catalyst bed. Actual 
temperatures were read off a Leeds and Northrup Speedomax H temperature 
indicator.
4. Sampling and Product Recovery Section
The reactor effluents are split into a gas and a liquid 
phase in an ice-cooled condenser. A "mity-mite" regulates the pressure 
in the reactor.
The liquid components are drained from the product accumula­
tor; and the gases are saturated with water and circulated through a 
wet-test meter. Liquid product recovery was not required in the 
present study; because all of the product was in the gas phase. Gas 
samples were taken with a syringe and injected into a gas chromato­
graph for analysis.
5. Analytical
A dual-column F&M Model 810R chromatograph was used to 
analyze the products from the reactor. The separation of the hydro­
carbon components was obtained by means of a ten foot x 1/4" aluminum 
column packed with 10% silicone-rubber (SE-30) on 90% white-chromosorb 
(80-100 mesh). An Infotronics Digital Integrator Model CRS-110 
measured the area under each peak and recorded the elution times.
The gas chromatograph is equipped with an automatic tempera­
ture programming Bystem in order to expedite the elution of the heavier 
hydrocarbon components. The temperature program in the present study 
consisted of an increase in temperature from 40°C. to 150°C. at a rate 
of 30°C. per minute. The temperature was then held at 150°C. for 8  min.
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A detailed description of the gas chromatograph calibration 
constants has been given by Hopper (1).
C. Procedure
The steps followed on each experimental run were as follows:
1. A desired weight of calcined catalyst is put in a 
stoppered vial. If the apparent volume of the catalyst 
sample is less than 15 c c , the catalyst is diluted with 
mulllte and vigorously shaken to form a well-dispersed 
mixture having an apparent volume of about 15 cc. The 
dilution is made to insure proper contact with the 
temperature measuring thermocouple.
2. The catalyst-mullite mixture is transferred to the 
reactor. A glass-wool plug is inserted behind the 
catalyst to serve as a support. The reactor Is sealed 
with a new steel ring and the temperature-compensated 
coupling is secured with a flange.
3. The reactor is positioned outside the sand bath and 
tested for leaks at a pressure 2 0 % higher than that 
required in the experimental run.
4. While the reactor is being pressure nested, the gear 
ratios of the Ruska pump are adjusted to obtain the 
desired flow rate. The hydrocarbon feed is loaded 
into the pump.
5. The reactor is depressured and placed in the sand bath.
The system is purged with nitrogen.
6 . The hydrogen flow rate is set by the control valve. The 
flow of hydrogen is checked with a stop watch and the wet
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test meter.
7. After the catalyst temperature has reached 500°F., the 
hydrogen flow is maintained for 1 hour to reduce the 
palladium to the metallic form.
8 . The temperature for the run Is selected and the con­
troller adjusted accordingly.
9. The system pressure Is established and the unit Is 
tested for leaks.
10. The liquid feed Is started.
11. After reaching steady state (1 1/2-2 hours) a 15-30 
minutes material balance is taken.
12. The information gathered during the experimentation Is 
analyzed as shown In Appendix B.
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CHAPTER V
A SIMPLIFIED KINETIC MODEL FOR THE SIMULTANEOUS 
HYDROISOMERIZATION AND HYDROCRACKING OF CYCLOHEXANE
A. Introduction
There are two types of models; namely, theoretical or empirical. 
An empirical model Is a simple mathematical formulation used only to 
correlate a given set of data. As a consequence, extreme care must 
be exercised in extrapolating an empirical model beyond the range of 
actual experimentation. On the other hand, the theoretical model may 
be simple or complex but It Is based on some assumed mechanism. A 
theoretical model can be applied with more confidence over a wide- 
range of unexplored conditions. Most frequently, the researcher 
finds himself in a compromise between the empirical and theoretical 
approach.
In this chapter a kinetic model is developed for the simulta­
neous hydroisomerization and hydrocracking of cyclohexane based, as 
much as possible, on fundamental considerations.
B. Reactor Considerations
1. Choice of Experimental Reactor
The selection of a suitable experimental reactor is a 
critical step In obtaining meaningful kinetic data, and consequently 
It should be given careful consideration. Not only does the experi­
mental reactor influence the mathematical development of the kinetic
3 5
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model, but also the strategy Involved in planning the experiments.
As noted by Petersen (18) an experimental reactor must be 
simple so as to allow the researcher to isolate purely kinetic 
effects from distracting extraneous phenomena; namely, mass transfer, 
internal diffusion within catalyst pores, eddy diffusivities, etc.
For gaseous fluid systems catalyzed by solids, as in the 
case in the present study, the tubular experimental reactor is the 
most frequently encountered (13). The tubular reactor can be 
operated in an integral or differential fashion. Plus marks for the 
differential reactor are compactness, easier temperature control, and 
more direct rate determination. However, the attractive features of 
the integral reactor are less analytical difficulties (since concen­
tration changes are considerable), and a more straight-forward 
scale-up.
It seemed appropriate to use an Integral tubular reactor 
with a fixed bed of catalyst to study the simultaneous hydroisomeri­
zation and hydrocracking of cyclohexane over a Pd-H-faujaslte 
catalyst.
2. Axial Dispersion In Integral Tubular Reactor Employed in 
Present Study
Deviations from plug flow behavior are observed when axial 
dispersion becomes pronounced. Dispersion Is another name for diffu­
sion, and the axial dispersion rate equation is expressed as:
N.. - -E A dCi (1)dl d e  —
where
" axial dispersion rate of species 1 ,
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Ej * axial dispersion coefficient,
=* empty cross sectional area,
C - concentration of species i, 
z = longitudinal reactor length.
A dispersion group results from arranging in dimension- 
Less form the differential equations describing dispersion and bulk 
motion in a packed-bed reactor. This dispersion group, or Peclet 
number, can be thought of as a measure of the ratio of the directed 
motion of the bulk stream to the random motion in the dispersive eddies.
A Peclet number of zero represents perfect mixing, and a 
Peclet number of infinity corresponds to ideal plug flow. Further­
more, Levenspiel (15) demonstrates that for Peclet numbers greater 
than —  2 0  deviations from plug flow conditions are small.
Tracer test studies were conducted by Bryant (3) in a 
packed bed reactor which was a duplicate of the one employed in the 
present study, and he concluded that plug flow conditions were very 
closely approximated. Bryant's data agree well with the correlations 
presented by Levenspiel and Blschoff (16).
3. Temperature Profiles Along the Catalyst Bed in Present 
Study
A short study was conducted to Investigate temperature
variations along the catalyst bed for a typical hydroisomerization
and hydrocracking run over a Pd-H-fauJasite catalyst employing a special 
reactor equipped with an axial thermocouple. Axial temperature profiles 
were found to be negligible (< 1°F).
C. Simplified Kinetic Model
1. Model Conception
For the present study, it was expected that by reacting
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cyclohexane over a Pd-H-faujaslte catalyst one would obtain the 
corresponding methylcyclopentane Isomer along with lower molecular 
weight hydrocarbons which will be referred to as "cracked products."
At the conditions of temperature (490°F-550°F), pressure (250 psig- 
650 psig), and hydrogen to cyclohexane molar ratios (5-10 moles H^/mole 
feed) investigated, negligible amounts of benzene are expected in the 
product. Accordingly, a set of experiments was designed which con­
sisted in varying the cyclohexane feed space velocity at constant 
temperature (4 90°F) , pressure (450 psig), and H 2 /cyclohexane mole ratio 
(10). The results of such experiments are shown In Figure 4.
From Figure 4, it was observed that by increasing contact 
time (1 /w/hr/w) cyclohexane disappeared continuously; methylcyclo- 
pentane was initially formed very fast and then went through a maximum 
before beginning to disappear. The cracked products were being produced 
rather slowly at the start but increased at an accelerated rate as the 
reactions proceeded.
In order to obtain a more precise idea of the reaction path, 
a similar set of experiments was conducted at a higher temperature 
level. This time the experiments were carried out starting with a 
pure cyclohexane feed, a pure methylcyclopentane feed, and an equili­
brium mixture of cyclohexane and methylcyclopentane. The experimental 
results are conveniently represented in a triangular diagram as shown in 
Figure 5.
From Figure 5, it was noticed that the cyclohexane 
isomerization occurred very fast Initially, However, as the contact 
time was Increased, cracked products began to appear before equilibrium 














Figure A: Product Distribution at 490°F, 465 psia, 10 Moles
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Figure 5: Reaction Path at 520°F, 465 psia, and 10 Moles of per Mole of Feed.
havlor was demonstrated when starting with a methylcyclopentane teed.
Furthermore, It was noticed that the straight line CE, 
representing a constant cyclohexane/methylcyclopentane ratio, became 
at long contact times a good approximation for the reaction path from 
all three starting positions.




2. Competitive Mechanisms In Heterogeneously Catalyzed Reactions 
In order for the surface reaction to occur the following 
steps must take place (1 2 );
a. mass transfer of reactants from the bulk gas stream to
the external surface of the catalyst,
b. diffusion of reactants into the catalyst pores,
c. adsorption of reactants,
d. surface chemical reaction,
e. desorption of products,
f . diffuslonof products through catalyst pores to the 
external surface of the catalyst,
g. mass transfer of products from the catalyst surface to 
the bulk gas stream.
Steps a, b, f, and g can be eliminated from further conside­
ration by adjusting the experimental conditions as will be demonstrated
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in Chapter VI. The experimental kinetic data are Interpreted In 
termti of steps c, d, and e as will also be shown In Chapter VI.
3. Mathematical Formulation
Based on the discussion of the previous sections, the 
following assumptions were made:
a. Plug flow prevails in the packed bed of the integral 
tubular reactor.
b. Isothermal conditions and negligible pressure drops 
exist along the catalyst bed.
c. The surface chemical reactions are the rate control­
ling step and they proceed according to the kinetic 
model.o k! CH 3-►a---k
cracked
products
d. Steady state has been reached.
Now, consider an element of the packed bed tubular reactor 
containing the differential amount of catalyst A  W .
Input A  Output
tf W + A  Wc c c
A material balance on cyclohexane yields: 
N | - N , + r
a <wc) a l(wc+ ^ w c )
,(AH ) - 0 (2)c
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where
N - gm moles of cyclohexane/sec,
Wc * gm of catalyst,
rA “ 8 m  ®°ies of cyclohexane/sec-gja catalyst.
Solving equation (2) for r^, the following expression is
obtained.
N | - N I
a l(wc + A w „ )  a|(W„)
A wrA A U ^3)c
If the limit of equation (3) is taken as A  Wc ------ ► 0,
the differential equation resulting Is
dN«
r* ' 5 5 *  C‘ )
C
The same reasoning can be repeated for methylcyclopentane 
to obtain the rate equation
r 0  - ^b. (5)
dWc
where
rg “ gm moles of methylcyclopentane/sec-gm catalyst,
Ng * gm moles of methylcyclopentane/sec.
Incorporating the postulated reaction model into equations
(4) and (S) results in the overall equations:




ki Ca - (kj + k 3) C 
dW a
■ gm moles of cyclohexane/cc of total gas,
■ gm stoles of methylcyclopentane/cc of total gas,
f
k j , k j , k2 , k 3 - cc of total gas/sec - gm of catalyst.
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In this study, It was convenient to work with mole 
fractions Instead of absolute concentrations. As a consequence , the 
following relationships were used:
c -a ya N , V (8)
Cb " N , V
(9)
N a “ ya N , (10)
Nb “ N , (11)
and
where
ya ■ mole fraction of cyclohexane,
N * gm moles of total gas/sec, 
and V ■ cc of total gas/sec.
By substituting equations (8 ) through (11) into equations 
(6 ) and (7), upon rearrangement, the rate equations can be expressed 
In terms of mole fractions as:




3 (vT7v T -  k ‘ \  - (k> +C
Furthermore, the surface chemical reactions are carried out 
In the presence of hydrogen to keep the catalyst surface clean of 
carbonaceous materials coimnonly referred to as "coke." To facilitate 
the analytical interpretation of the experimental data, it Is 
advantageous to express the mole fractions on a hydrogen-free basis by 
means of the relations:
Y a “ ya (1 +  Rh ) (14)
Yb " yb + *H> <15>
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where
Y a - hydrogen-free mole fraction of cyclohexane,
Yfc - hydrogen-free mole fraction of methylcyclopentane,
- moles of hydrogen per mole of hydrocarbons. 
Substituting equations (14) and (15) into equations (12) 
and (13) yields:
dY »
k x Y. - (k! + k 2 )Y= (16)d(Wc/V)
dYb
dv T m  " kl Ya ■ (kl + k3)Yb <17>
Finally, the ratio (W^/V) appearing in equations (16) and 
(17) can be expressed in terms of more easily measured parameters by 
letting
<wc/v> - t, - (r i-j5 ) <18>
where
ta - superficial contact time based on catalyst weight, 
sec-gm/cc total gas,
^  • molecular weight of hydrocarbons,
P ■ total pressure, psla,
T ■ temperature, °R,
R - gas low constant, 
w/hr/w ■ weight space velocity, gm feed/hr-gm catalyst.
and
Ry - moles of hydrogen per mole of hydrocarbons.
The final form of the simultaneous differential equations is 




dt " kl Yb “ (kl + k2)Ya (19)
8
dYb—  - kj Y a - (ki + k 3 )Yb (2 0 )
s
Recalling that the present study employs an integral 
reactor, the next step is to solve equations (19) and (20) simulta­
neously, for the hydrogen-free mole fractions of cyclohexane (Y ), and 
methylcyclopentane (Y^). Obviously, the hydrogen-free mole fraction 
of the cracked products (Y£) is obtained by difference.
Wei and Prater (23) have solved the simultaneous differen­
tial equations for the general three component kinetic system.
A 4 = ?  B
When their solution is expressed in terms of the nomen­
clature developed in the present chapter, the following equations 
result:
' V + v- I KYa°“ V> + Ul(Yb°- V>+ |[(





Yb ' V  + | - [(Ya°- Ya*> +  “ >(Yb°- Yb*>] e'A|t'
* [(Y.°- V> + û Yb°- V>] *'X2t,|
Y ■ 1 - Y - Y. , (23)c a b
ka - k : + k2 , (24)
1^ - k x + k 3 , (25)
kc - ki, (26)
47
kd - k, . (27)
A  - (ka- V^)2* 4 kc kd , (28)
_ ka ‘ h  ~ V T  ,u i -------------2 ^ ----------  (29)
ka " “h + C V A  . ° 0)
U2 “  ---------------------2 k   -----------c
(31)
, (ka + S> - ) . (32)A' 2
Y ° ■ mole fraction of cyclohexane at t8  - o ,A
Y^* - mole fraction of cyclohexane at tfl •
Y^° - mole fraction of methylcyclopentane at ■ o,
Y^* “ mole fraction of methylcyclopentane at tfl ■ ™,
and
Y c * mole fraction of cracked products.
4. Evaluation of Rate Constanta
From a mathematical standpoint, the method of solving the 
present problem was outlined in the previous section. However, there 
still remains the considerable task of evaluating the rate constants;
f
namely, , ki, k2 , and k 3 , from the experimental data.
In addition to equations (21) - (23), it is necessary to
1
have the equilibrium equation relating k t and k j . The equilibrium 
constant could be calculated from the API-44 free energry data (22). 
However, the free energy change Involved in the cyclohexane hydro- 
lsomerIzatlon is small; and erroneous results could be obtained when 
relying on a small difference between two large numbers. Consequently, 
the experimentally determined equilibrium constants obtained by
48
Hopper (11), in the range 400°F-600°F were used in the present study.
The experimental equation relating K with temperature is as follows:
In K - -4810/(T) + 6.114 (33)
where
K - equilibrium constant,
T - temperature, °R.
Due to the complexity of the mathematical system, it is 
impossible to solve the remaining rate constants k j , k2 , and k 3
explicitly in terms of the process variables. Consequently, the 
approach taken was to calculate the rate constants by an iterative 
trial and error procedure, where the square of the residuals is 
minimized.
Consider the independent equations (21) and (22) and for 
simplicity write them as;
Ya - Pi(ki, k2 , k 3 , t8 , other variables), (34)
and
- P 2 (ki, k2 , k 3 , tg , other variables). (35)
The objective is to find k j , k2 , and k 3 such that the
calculated functional values Pj and P 2 , would match the experimentally
determined Y a and . Mathematically, the problem is formulated as a 
square residual minimization by the equation
C - ^ ( Y 1 -P1)5 (36)
where C, represents the objective function to be minimized in successive 
iterations. To preserve physical significance, a constraint is imposed 
by requiring that all rate constants be positive.
The literature on optimization procedures is very recent.
Some of the most important schemes developed in the last decade are
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summarized In Table 3. A comparaalon of several optimization 
procedures has been given by Box (2).
In general, it is hard to say "a priori," which optimiza­
tion scheme will work best for a given system. In a two dimensional 
minimization problem, one can obtain a good idea of the contour 
surfaces and plan the optimization strategy accordingly. When more 
than two dimensions are involved, the problems of following the move­
ments of a given optimization procedure are greatly increased. Wilde
(24) has referred to this problem as the "curse of dimensionality."
For the present study, it was decided to use Pattern search,
because no first derivatives evaluations are required, and the con­
straint equations can be easily handled. The Pattern search computer 
program employed was written by Dr. C. F. Moore and is available at the 
computer library of the Chemical Engineering Department of Louisiana 
State University. Allan (1) successfully used Pattern to calculate the 
rate constants for the dehydrogenation and hydroisomerization of 
cyclohexane.
For the present work, it was found that the convergence rate
of Pattern was quite good, and the final value of the objective
„ 6
function was in the neighborhood of 1 0  for most of the cases 
investigated.
Upon analysis of the experimental data, it became apparent 
that the present model would predict the cyclohexane hydrocracking rate 
constant (k2) to be equal to the methylcyclopentane hydrocracking rate 
constant (ks). In other words, a two parameter model containing only 
two rate constants (kj, k 2 “k 3 ) would fit the data equally well. A 
comparison of the predictions obtained by the two parameter model, and
50






Fletcher - Powell 
Powell Non-Derivative I 
Conjugate Gradients 
Powell Non-Derivative XI 
Simplex
Rotational Discrimination 
Davldon - Variance Algorithm 
Zangwill Non-Derivative 
Fletcher-Generalized Least Squares 
Variable Metric Methods 
Variational Means
Year Literature Reference
1960 (1 0 )




1964 ( 6 )






1970 ( 8 )
1970 ( 9)
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the three parameter model at two different temperature levels Is 
presented In Table 4.
As a consequence, the kinetic model was finally reduced to
O k* _ CH 3
k2VS^ \  f  k 2
cracked
products.
Obviously, all the previously developed yield equations are 
still applicable If k 3 Is replaced by k2 . However, the optimization 
strategy Is altered since k 2 can be solved for explicitly In terms of 
the operating conditions. Only ki needs to be obtained by trial and 
error by minimizing the objective function.
The manipulations carried out to obtain k2 analytically can 
be quickly demonstrated. Consider the rate of formation of cracked 
products as:
d T  - k2(Ya + Yb> ' M i ’V  (37>B
Upon integration and rearrangement of equation (37) k2 is 
expressed as:
k 2 " jln[l/(l-Yc)jJ (38)
A discussion of the overall effectiveness of the developed 
kinetic model is postponed until Chapter VI.
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Table 4: A Comparison of the Two-Parameter Kinetic Model with




Catalyst Particle Size, mm 0.417 - 1.168
Pressure, psla 465
Weight Space Velocity, (grm. feed)/(hr.)/(grm■ cat.) 7







Temp. Rate Constant, Rate Constant, Rate Constant,
* °F k^ , cc./grm. sec. k j , cc./grm. sec. k^, cc./grm. sec.
1A 490 0.327 0.012 0.012












k ^ , cc./grm. sec.
0.327
0.928
[Cyclohexane + M C P p  
Hydrocracking 
Rate Constant, 
kj , cc./grm. sec.
0.012
0.035
jDetalled data in Appendix A 
^Methylcyclopentane 
Lumped cyclohexane and methylcyclopentane
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CHAPTER VI
EXPERIMENTAL DATA AND ITS CORRELATION
A. Introduction
The objective of this chapter Is to analyze the experimental data 
In accordance with the previously developed kinetic model. In the 
first part of the chapter, It is shown that mass transfer and Internal 
diffusion do not have any influence on the reaction rate constants. 
Hence they are eliminated from further consideration.
Subsequently, a test on the assumed order of the hydroIsomeriza­
tion and hydrocracking reactions is presented and analyzed. With the 
aid of an Arrhenius-type correlation, activation energies for the 
above-mentioned reactions are obtained by a least squares technique and 
compared with the values reported in the literature. A study is also 
conducted to elucidate the proper adsorptlon-surface reaction- 
desorption mechanism for the present investigation.
Finally, the chapter is concluded with a discussion on the 
effectiveness of the overall kinetic model.
B. Effect of Mass Transfer and Intra-Particle Diffusion on the 
Reaction Rate Constants
The rate of mass transfer from the bulk fluid stream to the 
catalyst surface depends on the thickness of the boundary layer 
surrounding the catalyst particles. Therefore, by varying the fluid 
velocity alone, a range can be found where mass transfer does not have
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any effect on the reaction rate. Accordingly, a set of experiments 
was conducted by varying the feed rate at otherwise constant 
conditions. The experimental results are summarized In Table 5 and 
Figure 6 . As shown in Figure 6 , It appears that the reaction rate 
constants are independent of fluid velocity for the feed rates 
commonly employed in the present study; namely, 16-60 cc/hr.
The intraparticle diffusion of the reacting molecules depends on 
the size of the catalyst particles or "macropore" accessibility. To 
investigate the effect of intrapartlcle diffusion, a set of experi­
ments was conducted with different particle sizes but otherwise 
constant operating conditions. The experimental results are shown in 
Table 6 and Figure 7. As shown in Figure 7, intrapartlcle 
diffusion does not seem to have an effect on the reaction rate 
constants. However, the present test does not take into consideration 
the diffusion in the internal channels or "micropores" of the zeolite 
crystal.
C . A Test of the Postulated Reaction Order
The rate constants for the hydroisomerization and hydrocracking 
reactions should be a function of the catalyst, and the operating 
temperature and pressure. However, for a good kinetic model, they 
should be independent of contact time in the reactor.
For the purpose of investigating the effect of contact time on the 
reaction rate constants, a set of experiments waa carried out where 
the weight space velocity (w/hr/w) was varied holding all other vari­
ables constant. The results of such experiments are summarized in 
Table 7 and Figure 8 .
Within the precision of the experimental data, there seems to be
Table 5: Effect of Mass Transfer on the Hydroisomerization and
Hydrocracking Rate Constants at 490 F and 465 psia




Catalyst Particle Size, mm 0.417 - 1.168
Temperature, °F 490
Pressure, psia 465
Weight Space Velocity, (grm. feed)_______  7
(hr.) (grm. cat.)
Moles of H 2 per Mole of Cyclohexane 10
Reactor Cross Sectional Area, cm^ 1.51
Experimental Results
 ̂ Superficial Rate Constants, cc./grm. sec.______
Run No. Space Velocity, Hydroisomerization Hydrocracking 
grm/cm? min. ^ 2
1A 0.442 (60)2 0.327 0.011
1B 0,221 (30) 0.385 0.011
1C 0.221 (30) 0.387 0.010
ID 0.105 (16) 0.387 0.013
IE 0.105 (16) 0.381 0.009
^Detailed data are given in Appendix A 
Corresponding feed rates, cc/hr
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Table 6 : Effect of Intrapartlcle Diffusion on the Hydroieomeri 2 ation 
and Hydrocracking Rate Constants at 490^F and 465 psia 






Weight Space Velocity, (grm. feed) 7
(hr.) (grm. cat. )
Moles of H 2 per Mole of Cyclohexane 1 0
Experimental Results
Particle Rate Constants, cc./grm. sec.
Run N o .^ Size, mm HydroIsomerization Hydrocracking
kl k 2
ID 0.417-1.160 0.387 0.013
IE 0.417-1.168 0.381 0.009
2 A 0.295-0.417 0.381 0 . 0 1 0
2 B 0.295-0.417 0.401 0.009
2C 0.074-0.147 0.376 0.009
2D 0.074-0.147 0.361 0.009
^Detailed data are given In Appendix A
60
Figure 7: Intraparticle Diffusion Effects.
“ 0.5
@  r — . -  y
T - 490°F W/hr/W - 7 
_ q  x J P - 450 pslg Moles H2/Mole CH - 10
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_ 0.006
1 1 1 ] 1 I
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Average Particle Diameter, mm
Symbol Rate Constant 
Q  Hydro Isomerization
Hydrocracking
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Table 7: Test of the Assumed Reaction 
zatlon and Hydrocracking of 
465 psla over a Pd-Faujasite





Reac t ing Conditions
Feed Cyclohexane
Catalyst Pd-Faujasite
Catalyst Particle Size, non 0.417 - 1.168
Temperature , F 490
Pressure, psia 465
Moles of H 2 per Mole of Cyclohexane 1 0
Experimental Results
Weight Space Rate Constants, cc./grm. sec.
Run N o . Velocity, Hydrolsomerlzatlon Hydrocracking
grm. feed/hr./grm. cat. ki >7
IB 6.98 0.384 0 . 0 1 1
1C 6.98 0.386 0 . 0 1 0
ID 6.99 0.387 0.013
3A 7.01 0.415 0.014
3B 3.50 0.393 0.008
3C 7.01 0.365 0 . 0 1 1
3D 26.28 0.364 0.013
3E 13.14 0.322 0 . 0 1 0
3F 7.00 0.363 0.009
^Detailed data in Appendix A
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no correlation between the reaction rate constants and the weight 
space velocities.
D. Activation Energies for the Cyclohexane Hydroiaomerlzatlon and
Hydrocracking Reactions 
The effect of temperature on the hydroisomerization and hydro- 
cracking rate constants is ehown in Table 8  and Figure 9. In 
accordance with Arrhenius, the relationship between the rate constants 
and the operating temperature is given by the following equations:
ki - k̂  e " A E l / R T  (1)
k2 - k 2 e-A E2 /*T (2)
where
k j , k2 * hydroisomerization and hydrocracking rate constants, 
k ^ , k^ - hydroIsomerization and hydrocracking frequency factors, 
A E j , AE 2 ■ hydroisomerization and hydrocracking activation 
energies,
R - gas law constant,
and
T - absolute temperature.
Equations (1) and (2) can be arranged in linear form by taking 
the logarithm on both sides of the equations. The experimental data 
shown in Table 8  were fitted to the linear forms of equations (1) and 
(2) with the aid of a least squares scheme. A summary of the results 
obtained la shown in the following tabulation:
Activation Energies
In )t ■ A +  B/T (°R) (Kcal/gm-mole)
Reaction k A B Present work Literature
Hydroisomerization k! 22.0533 -21,8819xl03 24(+1) 23-35(4,7,1
Hydrocracking k 2 27.0322 - 30,0192xl03 33(+3) 30-35(3,6)
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Table 8 : Effect of Temperature on the Hydrolsomerlzation and





Catalyst Particle Size, mm 0.417 - 1.168
Pressure, psia 465
Weight Space Velocity, (grin. feed)_______  7
(hr.) (grm. cat.)
Moles of H 2 per Mole of Cyclohexane 10
Experimental Results
Reciprocal Rate Constants, cc./grm. sec.
Run No.* Temp., Temperature, Hydrolsomerlzation Hydrocracking 
____________  °F 1000/°R  kj_______________   k 2_
1A 490 1.053 0.327 0 . 0 1 1
IB 492 1.051 0.384 0 . 0 1 0
1C 491 1.052 0.386 0 . 0 1 0
ID 491 1.052 0.387 0.013
IE 490 1.053 0.381 0.009
4A 500 1.042 0.488 0.017
4b 510 1.031 0.620 0.014
4C 520 1 . 0 2 1 0.831 0 . 0 2  2
4D 530 1 . 0 1 1 0.928 0.034
4E 540 1 . 0 0 0 1.098 0.065
^Detailed data in Appendix A
h5
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K . A Study of the Adsorption - Surface Reaction - Desorption 
Mechanisms
1. Effect of Total Pressure on the Reaction Rate Constants at 
Various Temperatures and Hydrogen Dilution Ratios
It was found that the hydroisomerization rate constant 
decreased as total pressure increased for all the hydrogen dilution 
ratios investigated. The results at 490°F are shown in Table 9 and 
Figure io> whereas those at 520°F appear in Table 10 and Figure 11.
At both temperature levels, the hydrolsomerlzation rate constant 
increased with hydrogen dilution for a given total pressure.
A similar trend was found for the hydrocracking rate con­
stants. The experimental results obtained at 490°F are shown in 
Table 11 and Figure 12. Similar results at 520°F appear in Table 12 
and Figure 13. It is noticed that at 520°F, the total pressure seems 
to be the dominant variable.
2. Single and Dual Site Adsorption Mechanisms for 
Hydrolsmerlzatlon
To account for the effects of pressure on the reaction rate 
constants, the Langmulr - Hlnshelwood - Hougen and Watson (5) 
adsorption theory is employed. If the rate controlling step is the 
surface chemical reaction with the adsorption - desorption steps being 
at equilibrium, the hydrolsomerlzation rate constant can be expressed 
by the following equation:
________________ k01 KCH______________________  (3)
' ' ( 1  +  KCH PCH +  V P  PMCP +  KC P C +  V "
where
ki “ hydrolsomerlzation rate constant,
“ constant dependent on catalyst and temperature,
Table
1
9: Effect of Pressure on the Hydroisomerization Rate Constant at 490°F and 




Catalyst Particle Size, ant 0.417 - 1.168
Height Space Velocity, (grin. feed) 7.0
(hr.) (grm. cat.)
Experimental Results
1 Total Moles of Partial Pressures Hydrolsomerlzation
Run No. Temp., Press., H2 per Mole Hydrocarbons, Hydrogen, Rate Constant,
F psia of Feed psia psia cc./grm. sec.
5A 491 265 8.9 27 238 0.741
5B 490 365 8.9 37 328 0.562
SC 490 555 9.8 52 503 0.321
5D 490 665 9.8 62 603 0.235
5E 490 465 9.5 44 421 0.336
IB 492 465 9.2 46 419 0.384
1C 491 465 9.2 46 419 0.386
ID 491 465 8.6 48 416 0.387
3A 491 465 8.9 47 418 0.415
^Detailed data are given in Appendix A
.
Table 9 cont'd: Effect of Pressure on the Hydrolsomerlzation Rate Constant at 490°F and


















6A 490 465 20.3 22 443 0.559
6B 489 565 18.9 28 536 0.324
6C 491 665 18.6 34 631 0.343
6D 489 465 18.6 24 441 0.531
6E 490 265 18.3 14 251 0.882
7B 491 665 5.0 112 553 0.185
7C 491 565 5.6 86 478 0.215
7D 491 465 5.4 73 392 0.316
7E 491 370 5.3 58 311 0.405
^Detailed data are given in Appendix A
Figure 10: Effect of Total Pressure and Hydrogen Dilution on the Hydro isomerization Rate Constant
at 490 F.
T - 490 F 
tf/hr/W - 7
Symbol Molar Ratio &,/CH
10
200 300 400 500
Total Pressure, psia
600 700
Table 10: Effect of Pressure on the Hydroisomerization Rate Constant at 520°F and Various




Catalyst Particle Size, am 0.417 - 1.168




















8A 522 660 10.0 60 600 0.579
8B 520 565 9.8 52 512 0,618
8C 522 365 9.9 33 331 1.151
8D 521 265 10.2 24 241 1.142
8E 521 465 9.4 45 420 0.770
9A 519 665 19.7 32 633 0.713
9B 520 565 19.3 28 537 0.964
9C 520 465 19.1 23 442 1.091
9D 520 365 18.9 18 346 1.119
9E 519 275 19.4 13 261 1.623
^Detailed data are given in Appendix A
Table 10 cont'd: Effect of Pressure on the Hydrolsomerlzation Rate Constant at 520°F and



















10A 524 650 5.4 102 547 0.366
10B 520 565 5.5 87 478 0.444
10C 521 365 5.4 57 307 0.702
10D 520 465 5.2 75 390 0.502
10E 525 265 5.1 43 221 0,688
data are given in Appendix A




Symbol Molar Ratio H?/CH
20
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Total Pressure, psia
Table 11: Effect of Pressure on the Hydrocracking Rate Constant at 490°F and Various




Catalyst Particle Size, tm  0.417 - 1.168
Weight Space Velocity, (grin. feed)/(hr.)/ (gnn. cat.) 7.0
Experimental Results
Total Moles of  Partial Pressures Hydrocracking
Rim Ho. Temp., Press., H^ per Mole Hydrocarbons, Hydrogen, Rate Constant,
F psia of Feed  psia psia cc./gnn. sec.
5A 491 265 8.89 27 238 0.018
5B 490 365 8.89 37 328 0.012
5C 490 555 9.75 52 503 0.007
5D 490 665 9.76 62 603 0.007
5E 490 465 9.54 44 421 0.012
IB 492 465 9.19 46 419 0.011
1C 491 465 9.19 46 419 0.010
ID 491 465 8.59 48 416 0.013
3A 491 465 8.92 47 418 0.014
data are given in Appendix A
Table 11 cont'd: Effect of Pressure on the Hydrocracking Rate Constant at 490°F and Various


















6A 490 20.3 22 443 0.041
6B 489 565 18.9 28 536 0.016
60 491 665 18.6 34 631 0.010
6D 489 465 18.6 24 441 0.024
6E 490 265 18.3 14 251 0.106
7B 491 665 5.0 112 553 0.004
7C 491 565 5.6 86 478 0.005
7D 491 465 5.4 73 392 0.006
7E 491 370 5.3 58 311 0.011
data are given in Appendix A
Figure 12: Effect of Total Pressure and Hydrogen Dilution on the Hydrocracking Rate Constant at 490 F.
o . i c - 490 F
W/hr/W






Table 12: Effect of Pressure on the Hydrocracking Rate Constant at 52Q°F and Various




Catalyst Particle Size, nn 0.417 - 1.168
Height Space Velocity, (grin, feed)/(hr.)/(gnn. cat.) 7
Experimental Results














8A 522 660 1 0 . 0 60 600 0.017
8 B 520 565 9.8 52 512 0.014
8C 522 365 9.9 33 331 0.044
8D 521 265 1 0 . 2 24 241 0.091
8 E 521 465 9.4 45 420 0.030
9A 519 665 19.7 32 633 0.029
9B 520 565 19.3 28 537 0.029
9C 520 465 19.1 23 442 0.019
9D 520 365 18.9 18 346 0.059
9E 519 275 19.4 13 261 0.093
^Detailed data are given in Appendix A
Table 12 cont'd: Effect of Pressure on the Hydrocracking Rate Constant at 520°F anu Various
Hydrogen to Cyclohexane Mole Ratios over a Pd-Faujasite Catalyst.
Experimental Results
 ̂ Total Moles of  Partial Pressures_____ Hydrocracking
Run No. Press., per Mole Hydrocarbons, Hydrogen, Rate Constant,
___________  F psia of Feed  psia psia cc./grm. sec.
10A 524 650 5.4 102 547 0.019
10B 520 565 5.5 87 478 0.025
IOC 521 365 5.4 57 307 0.070
1QD 520 465 5.2 75 390 0.027
10E 525 265 5.1 43 221 0.131
^Detailed data are given in Appendix A
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KCH’ *SlCP* KC* *Si " adsorption coefficients for cyclohexane,
methylcyclopentane, cracked products, 
and hydrogen respectively,
PCH’ PMCP’ PC ’ PH ” Partial pressures of cyclohexane,
methylcyclopentane, cracked products t 
and hydrogen respectively,
and
n - 1  for single site, 2 for dual site.
It seemed reasonable to assume that the adsorption 
coefficients for the hydrocarbon components were approximately equal 
(1,3,9). Consequently, equation 3 can be expressed as
.  koi Ko______ ...
1 (1 + K0 P0 + •'h  V "
where
and
K0 -  KCH »  *MCP “ Kc <5)
P0 - <PCH + PMCP + PC> <6>
Equation (9) can be arranged in a linear form to obtain the 
following equations for the single and dual site mechanisms.
1  _ 1 + Ko P0  + ^  Pnkl *̂̂01 V k̂oi 0̂1 V
K- - - •Si
0  p 0  + ----5 —  PH\ Z ^ 7  v ^ k01 K0) V  ̂ koi V  V ( ltoi V  ^
For graphical presentation, It is convenient to express 
equations (7) and (8 ) In terms of total pressure with parameters of 
temperature and hydrogen dilution ratios.
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The temperature parameters are tied up with the adsorption 
coefficients. The hydrogen mole ratios are related to the partial
pressures by the following equation 
PH
*H * Po (9)
where
RH “ molar ratio of hydrogen to hydrocarbons 
Obviously, the hydrogen and hydrocarbon partial pressures 
must add up to the total pressure as given by
(10)
where
it “ total pressure
Finally, by substituting equations (9) and (10) Into 
equations (7) and (8 ), the following relationships are obtained:
<k01 K0>
*Sl
\ A T  V ( \ , i V
k̂oi Ko> k̂oi Ko> ( 1  + V (11)
(12)
V ^ T V V U o i  Ko> ( 1 + v
The hydrolsomerlzation rate constants obtained at 20 moles of 
hydrogen per mole of hydrocarbon and various temperatures and total 
pressures are shown in Table 13. In Figures 14 and 1 5 , the hydro- 
isomerlzatlon rate constants are correlated with the total pressure In 
accordance with the single and dual site mechanisms. Negative 
intercepts are obtained for the single site mechanism which are 
unrealistic. However, the experimental data are compatible with the 
dual site mechanism.
A similar behavior was observed at 10 moles of hydrogen per 
mole of hydrocarbon and various temperatures and total pressures as
Table 13: Single and Dual Site Adsorption Mechanisms for Hydroisomerization at 20 Moles




Catalyst Particle Sire, m  0.417 - 1.168









H* per Mole 
of Feed
Hydroisonerlzation 





6A 490 465 2 0 . 2 0.559 1.788 1.336
6B 489 565 18.8 0.324 3,091 1.754
60 491 665 18.6 0.343 2.919 1.706
6D 489 465 18.5 0.531 1.885 1.371
6E 490 265 18.3 0.882 1.135 1.064
9A 519 665 19.7 0.713 1.405 1.184
9B 520 565 19.3 0.964 1.039 1.018
9C 520 465 19.1 1.092 0.916 0.957
9D 520 365 18.9 1.119 0.894 0.945
9E 519 275 19.4 1.623 0.616 0.784
Detailed data are given in Appendix A
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Figure 15: Dual Site Mechanism for Hydrolsomerlzation at 20 Moles of Hydrogen per Mole of Feed and
Various Temperatures.








presented in Table 14, Figure 16, and Figure 13. The same conclusions 
are also valid at 5 moles of hydrogen per mole of hydrocarbon as 
demonstrated In Table 15, Figure 18, and Figure 19.
A detailed least squares analysis of the data is postponed 
until Section 5 of this discussion.
3. Single and Dual Site Adsorption Mechanisms for Hydrocracking 
The development followed for hydrolsomerlzation was also 
applied to hydrocracking to obtain the following equations for the 
single and dual site mechanisms.
1
k 2 <t0 2 V
K0 + Kh.. k J  (13),Ck02 V (k02 V J (1 + V
\J~k7  V < k 0- - K 0 )
(14)
where
k2 ■ hydrocracking rate constant,
k0 2 ~ constant dependent on catalyst and temperature.
The experimental data at 20 moles of hydrogen per mole of 
hydrocarbon and various temperatures and total pressures are presented 
in Table 16, Figure 20, and Figure 21. Similarly, the results obtained 
at 10 and 5 moles of hydrogen per mole of hydrocarbon are shown in 
Table 17, Figure 22, Figure 23, Table 18, Figure 24, and Figure 25•
As was the case with hydrolsomerlzation, the single site 
mechanism gives negative intercepts for the hydrocracking adsorption 
model which are unrealistic. However, the experimental data can be 
interpreted In terms of the dual site mechanism. This conclusion Is 
valid for all the hydrogen to hydrocarbon molar ratios Investigated.
A detailed least square analysis of the different adsorption
Table 14: Single and Dual Site Adsorption Mechanisms for Hydroisomerization at 10 Mo 





Catalyst Particle Size, am 0.417 - 1.168
Weight Space Velocity, (gnn. feed)/(hr.)/(grm. cat.) 7
Experimental Results
Total Moles of Hydroisoneriration 1 1
Run Wo. Temp., Press., H- per Mole Rate Constant, kl V KV psla of Feed cc./grn. sec. X X
5A 491 265 8.9 0.741 1.349 1.161
5B 490 365 8.9 0.562 1.780 1.333
5C 490 555 9.8 0.321 3.119 1.765
5D 490 665 9.8 0.235 4.260 2.060
5E 490 465 9.5 0.336 2.979 1.723
IB 492 465 9.2 0.384 2.605 1.612
1C 491 465 9.2 0.386 2.591 1.608
ID 491 465 8 . 6 0.387 2.585 1.606
3A 491 465 8.9 0.415 2.412 1.552
8A 522 660 1 0 . 0 0.579 1.729 1.314
8 B 520 565 9.8 0.618 1.620 1.272
8C 522 365 9.9 1.151 0.869 0.931
8D 521 265 1 0 . 2 1.143 0.874 0.935
8E 521 465 9.4 0.770 1.300 1.139
^Detailed data are given In Appendix A
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Figure 17: Dual Site Mechanism for Hydroisomerization at 10 Moles of







Table 15: Single and Dual Site Adsorption Mechanisms for Hydroisomerization at 5 Moles




Catalyst Particle Size, on 0.417 - 1.168







H. per Mole 
of Feed
Hydroisomerizat1on 
Rate Constant, k^, 
cc./grm. sec.
7B 491 665 5.0 0.185 5.410 2.324
7C 491 565 5.6 0.215 4.650 2.155
7D 491 465 5.4 0.317 3.159 1.776
7E 491 370 5.3 0.405 2.471 1.570
7F 491 265 5.7 0.581 1.725 1.312
10A 524 650 5.4 0.367 2.730 1.651
10B 520 565 5.5 0.444 2.257 1.501
10C 521 365 5.4 0.702 1.425 1.193
1 0D 520 465 5.2 0.502 1.995 1.412
10E 525 265 5.1 0 . 8 8 8 1.128 1.061
^Detailed data are given in Appendix A
Figure 18: Single Site Mechanisa for Hydroisomerization at 5
























Figure 19: Dual Site Mechanism for Hydroisomerization at 5 Moles
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Table 16: Single and Dual Site Adsorption Mechanisms for Hydrocracking at 20 Mules of







Catalyst Particle Size, an 
Weight Space Velocity, (grm.
Experimental Results
^ Total 










6A 490 465 20.3 0.041
6B 489 565 18.9 0.016
6C 491 665 18.6 0 . 0 1 0
6D 489 465 18.6 0.024
6 E 490 265 18.3 0.106
9A 519 665 19.7 0.029
9B 520 565 19.3 0.028
9C 520 465 19.1 0.019
9D 520 365 18.9 0.059
9E 519 275 19.4 0.093
13A 535 665 20.7 0.033
13B 533 565 20.4 0.029
13C 535 465 20.1 0.050
13D 535 365 19.5 0.067





k2 V * 2
24.70 4.966
63.30 7.950













Detailed data are given in Appendix A
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Table 17: Single and Dual Site Adsorption Mechanisms for Hydrocracking at 10 Moles of




Catalyst Particle Size, an
Weight Space Velocity, (grin, feed) /(hr. )/(grm.
Experimental Results
2 Total Moles of 
Run No. Temp., Press., H_ per Mole 












5A 491 265 8.9 0.018 56.00 7.477
5B 490 365 8.9 0.012 82.90 9.097
5C 490 555 9.8 0.007 144.80 12.034
5D 490 665 9.8 0.007 140.70 11.848
5E 490 465 9.5 0.012 83.41 9.125
IB 492 465 9.2 0.011 92.30 9.605
1C 491 465 9.2 0.010 98.4 9.926
ID 491 465 0.6 0.014 73.65 8.577
3A 491 465 8.9 0.014 72.30 8.500
8A 522 660 10.0 0.017 60.61 7.774
8B 520 565 9.8 0.014 73.70 8.581
SC 522 365 9.9 0.044 22.68 4.755
8D 521 265 10.2 0.092 10.92 3,303
8E 521 465 9.4 0.030 33.90 5.815
D̂etailed data are given in Appendix A
Table 17 cont’d: Single and Dual Site Adsorption Mechanisms for Hydrocracking at
of per Mole of Cyclohexane and Various Temperatures,
1C- Moles
Experimental Results
Total Moles of Hydrocracking 1 12
Sun No. Temp., Press., H per Mole Rate Constant, k^, k 2F psia of Feed cc./grm. sec.
11A 552 665 10.3 0.080 12,48 3.527
11B 551 565 1 0 . 2 0 . 1 0 0 1 0 . 0 0 3.155
1 1 C 552 465 10.3 0.158 6.36 2.519
11D 550 365 10.3 0.187 5.36 2.314
12A 538 465 1 0 . 2 0.082 12.25 3.501
12B 535 665 10.4 0.055 18.20 4.261
1 2 0 535 565 10.3 0.061 16.51 4.064
12D 537 365 10.4 0 . 2 0 2 4.94 2 . 2 2 1
^Detailed data are given in Appendix A
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Table 18: Single and Dual Site Adsorption Mechanisms for Hvdrocracking at 5 MoT^s of




Catalyst Particle Size, mn 0.417 - 1.168






H? per Mole 
of Peed
Hydrocracking 






7B 491 665 5.0 0.0041 240 15,629
7C 491 565 5.5 0.0048 285 14.447
7D 491 465 5.4 0,0057 176 13.213
7E 491 370 5.3 0.0107 94 9.685
7P 491 265 5.7 0 . 0 2 1 1 47 6.876
10A 524 650 5.4 0.0197 51 7.122
1 0B 520 565 5.5 0.0251 40 6.308
IOC 521 365 5.4 0.0701 14 3.775
10D 520 465 5.2 0.0277 36 6.006
10E 525 265 5.1 0.1312 8 2.761
Detailed data are given in Appendix A
x
Figure 24: Single Site Mechanism for Hydrocracking at 5
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mechanisms studied for hydrocracklng is presented In the following 
section,
4 . Effectiveness of the Adsorption Model
The experimental data gathered to study the adsorption -
surface reaction - desorption mechanisms were obtained at the 
following conditions:






ion Feed Total Pressure
5A - 7E 490 1 0 250 - 650
2 0 250 - 650
5 250 - 650
8 A - 10E 520 1 0 250 - 650
2 0 250 - 650
5 250 - 650
12A - 13D 535 1 0 250 - 650
5 250 - 650
11A - 11D 550 1 0 250 - 650
In order to develop an adsorption model, a least squares 
analysis was performed at each temperature level to obtain the "best 
fitted" (2 ) adsorption parameters for the single and dual site 
mechanisms. These adsorption parameters were then correlated with 
temperature by means of an Arrhenius - type formulation.
A aunmary of the results obtained for the hydrolsomerlzation 
rate constant is shown in Table 19. For the single site mechanism, it 
is observed that negative parameters were obtained at 490°F and 550°F. 
The negative parameter obtained at 550°F is not very relevant since 
only one degree of freedom is Involved. However, the negative para­
meters obtained at 490°F, where IS degrees of freedom exist, suggest 
that the single site mechanism does not properly represent all the 
hydrolsomerlzation data.
Table 19: Adsorption Mechanisms for Hydrolsomerlzation
Correlating Equation: 1 1 + K,0 P„ + *Sl PH
(M 1/n % V1/n (koiV1/n ” (k K 1 0 1  0 J
Temp.. Fitted Parameters Statistical Significance
Mechanism F koi * 0 *H D. P . 1 R 2
Single Site 490 3.039x10 -4.428x102 -6.062xl03 15 0.973
n ■ 1 520 4.958x10 2.622x10“1 1.175x10"2 1 2 0.988
535 5.555x10 1,168x1 Q -1 6.690xl0-3 5 0.936
550 2.930x10 9.464xl0~3 -3.316xlO~3 1 0.999
Dual Site 490 1.917x102 1.637x10-2 2.585xl0~3 15 0.976
n - 2 520 2.046x102 1.348x10“2 7.037x10““ 1 2 0.988
535 2,079xl02 1.268xl0"2 7.871x10““ 5 0.929
550 7.684xlOJ 2,414xl0“2 -l.lllxlO- 3 1 0.999
^Degrees of freedom ■ No. of data points - No. of parameters
^ ( Y  - Y)2 - V"(Y Y )'
2Multiple Correlation Coefficient ■  actual-------------- actual---- pred.
I X c c S a l  *>:
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As shown In Table 17, positive parameters were obtained 
with the dual site mechanism excluding the results at 5S0°Ft where 
a negative was calculated. Since only one degree of freedom la 
available at 55G°F, and since reasonable parameters were obtained at 
all the other temperature levels, the dual site mechanism was adopted 
for hydrolsomerlzation. The final model employed for hydroisomeriza­
tion is summarized in Table 20•
The hydrolsomerlzation rate constants predicted by the 
adsorption model are compared with those obtained experimentally in 
Figure 26 for all the temperature levels investigated (490-550°F).
The agreement between the actual and predicted values seems to be very 
good.
The dotted lines shown in Figure 20 represent the experi­
mental uncertainties associated with the hydrolsomerlzation rate 
constant (Z a/value - 8 .2 ) as determined from the set of duplicate 
runs shown in Table 21.
A summary of the adsorption mechanisms studied for hydro­
cracking is presented In Table 22• Two main formulations were studied, 
namely, an adsorption equation relating the hydrocracking rate constant 
with the hydrocarbon and hydrogen partial pressures, and an adsorption 
equation relating the hydrocracking rate constant with the total 
pressure.
As shown in Table 22, the adsorption equation expressed in 
terms of the hydrocarbon partial pressure and hydrogen partial pressure 
yields unrealistic negative parameters for the single site mechanism at 
all temperature levels Investigated. The dual site mechanism performed 
satisfactorily at 490°F and 520°F but gave negative coefficients at
104
Table 20: Final Adsorption Model for Hydrolsomerlzation
k KDual Site Equation: kj 01 0
'  ( 1  + Ko po +  V *
Adsorption Parameter Equations:
In kQ 1  - 7.103 - (1.752xl03)/°R 
In Kq — 9.871 + (5.466xl03)/°R 
In --34.837 + (2.734x10**)/°R
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Table 21: Reproducibility of Experimental Results at 490°F,
465 psla and 10 Moles of H^/Mole Cyclohexane
Reaction Rate Constants, cc/grin. sec. 










6 F 0.3505 0.0118
7A 0.4058 0.0163
7C 0.3726 0.0104
Standard Deviation, a 0.0261 0.0021
o/ave. Value. X 8.2 17.1
Table 22: Adsorption Mechanisms for Hydrocracking
Correlating Equation: 1 1 , + Ko P + *H , P
(k2) “ (k K )1/n ^ 0 2  0 ; (k K ) 00 2  V (k K ) 0 2  0 J
H
Temp., Fitted Parameters Statistical Significance
Mechanism F k02 Ko h D. F . 1 Rz
Single Site 490 4.390x10“* -5.079x10 “2 -1.882x10-2 15 0.962
n - 1 520 7.812 -6.977xl0' 3 -5.957xlO“ 3 1 2 0.808
535 1.145x101 -1.135xl0“2 5.882xl0~3 5 0.950
550 3.662 -6.876x10"* ______* 1 0.981
Dual Site 490 4.870 5.893xl(T2 3.004x10^ 15 0.938
n - 2 520 1.405x102 1.859X10"2 1.685xl0~2 1 2 0.852
535 -2.175x10* -5.880X1CT2 1.213xl0-2 5 0.941
550 1.315x10* 1,235x10“'* -6.352x10 “3 1 0.986
Correlating Equation: 1 + K
(k2)1/n (k K
U 0 2  V  R (k \)Unlf02 V
Dual Site uz TT
n ■ 2 490 4.147x10* 1.179xl(T2 16 0.640
520 1.530X102 1.697xl0~2 13 0.850
535 1.804x102 7.764x10“ 3 6 0 . 6 8 6
550 3 .417x10s 6 .2 0 1 x1 0 ” 3 2 0.983
*D. F. - (No. of data points - No. of parameters)
^Multiple Correlation Coefficient * E (Y.ct'u.l Y) 2 D \ c t L a l
Y . ) 2 pred.
*
Not Significant E (Yact'ual Y)
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535°F and 550°F. Since the dual site mechanism adequately represented 
most of the data (33 out of 42 experimental points) It was further 
investigated to explain the behavior of the hydrocracking rate 
constants at the higher temperature levels, 535°F and 550°F.
A dual site adsorption mechanism based on the total pressure 
gave meaningful coefficients at all temperature levels investigated. 
When this model is compared with the dual site mechanism expressed in 
terms of the hydrocarbon partial pressure and the hydrogen partial 
pressure, it is observed that at 490°F the total pressure model 
yielded a worse fit (R - 0.6). However, at 520°F, the multiple 
correlation coefficients (r ) are equivalent. Furthermore, the 
adsorption coefficients Kq , K^, and approach each other, making the 
two equations compatible.
The indications are that at the low temperature levels 
(490°F, 520°F) the hydrocracking rate constant is dependent on both the 
hydrogen and the hydrocarbon partial pressures. As the temperature 
increases (520°F and above), the hydrocracking rate constant appears to 
be mostly dependent on the total pressure.
The final adsorption model adopted to represent the hydro­
cracking rate constants is shown in Table 23. It is based on a dual 
site mechanism, but represents a compromise between the partial 
pressures and the total pressure formulations.
A comparison between the hydrocracking rate constants 
obtained experimentally and those predicted by the adsorption model is 
shown in Figure 27. The dotted lines corresponds to the experimental 
uncertainties associated with the hydrocracking rate constants as 
shown in Table 21. There is some scatter in the predictions but they
109
Table 23: Pinal Adsorption Model for Hydrocracking
Dual Site Equations:
^  " <i< +  K 0  P 0  + *Si PH>* T “  52°°F
k' K
 ( T T T ^   T ?  5 2 0 ° FIT
Adsorption Parameter Equations:
In kQ 2  - 112.38 - 1.053x10s/°R
In KQ - -40.359 + 3. 565x10**/°R
In - 50.778 - 5.375x10**/°R
In kp 2 - 38.128 - 3.263x10**/°R
In K - -15.767 +  1. 097x10**/°R
110










Predicted Hydrocracking Rate Constant, ccgrm. sec.
Ill
do not appear to be biased.
The effectiveness of the overall kinetic model is demon­
strated in Figure 28. The solid lines correspond to the kinetic 
model predictions employing the rate constants calculated from the 
adsorption mechanisms for hydroisomerization and hydrocracking. The 
















Figure 28: Overall Kinetic Model Yield Predictions at 490°F, 450 psig, and 10
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1. The Pd-H-faujasite catalyst prepared by steaming and 
ammonium exchanging was found to be a very effective catalyst for 
hydroisomerlzlng cyclohexane in the temperature range 490°-550°F. It 
was demonstrated that as the severity of operations was increased, by 
increasing either temperature or contact time, the hydrocracking 
reactions became more pronounced.
2. A kinetic model was developed to describe the simultaneous 
hydrolsomerization and hydrocracklng of cyclohexane. The kinetic model 
is based on the first order reversible hydroisomerization of cyclo­
hexane to methylcyclopentane and on the first order irreversible hydro­
cracking of cyclohexane and methylcyclopentane to lower molecular 
weight hydrocarbons or "cracked products." It was shown that the 
hydrocracking rate constants for cyclohexane and methylcyclopentane, 
over the Pd-H-faujaslte catalyst studied, were essentially the same.
The kinetic model was extensively tested and it was found to be in 
close agreement with the experimental data.
3. It was demonstrated that mass transfer from the bulk gas 
stream to the surface of the catalyst had no effect on the hydro- 
isomerization and hydrocracklng rate constants.
1X5
4* Xntraparticle diffusion or "macropore" accesibllity was 
shown not to be a limiting step for the hydroisomerlzatlon and hydro­
cracking reactions.
5. Activation energies for the cyclohexane hydroisomerization 
and hydrocracklng reactions were computed from a least squares fitting 
of the experimental data. They were determined to be 23(+1) Kcal/gmole 
and 33(+3) Kcal/gmole respectively. These values agree favorably with 
those reported in the literature.
6 . The cyclohexane hydroisomerlzatlon rate constant was found to 
be compatible with a dual site adsorption mechanism. The dual site 
mathematical model was formulated in terms of the Individual partial 
pressures of the hydrogen and the hydrocarbons. Temperature effects 
were accounted for by the adsorption parameters.
7. The hydrocracklng rate constant was also found to be compatible 
with a dual site adsorption mechanism. At temperatures below 520°F.,
it was observed that the hydrocracklng rate constant depended on both 
the hydrogen partial pressure and the hydrocarbon partial pressure. 
However, at temperatures in excess of 520°F. the hydrocracklng rate 
constant appeared to be mostly dependent on the total system pressure.
B. Recommendations
1, The mechanism for the cyclohexane hydroisomerlzatlon and 
hydrocracklng reactions involves hydrogenation-dehydrogenation as well 
as isomerization of the olefin intermediate. These hydrogenation- 
dehydrogenation steps take place at the metallic sites of the catalyst 
as opposed to Isomerization taking place on the acidic faujasite sites. 
It would be Interesting to investigate the effect of adding additional 
hydrogenation-dehydrogenation activity to the Pd-H-faujasite catalyst
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studied in this work. Extra hydrogenation-dehydrogenation 
functionality can be incorporated In the catalyst by additional 
impregnation with palladium or another metal.
2. Carbonium ions are necessary intermediates in the cyclohexane 
isomerization reaction whether it is conducted over acidic halides or 
dual function catalysts. In the case of acidic halides, it has been 
established in the literature that an initiator or promoter is required 
to set in motion the formation of carbonium ions. On the other hand, 
for the dual function Pd-H-faujasites the first step involves dehydro­
genation of cyclohexane to form an olefin followed by rearrangement of 
the olefin via a carbonium ion.
It could be advantageous to utilize a hybrid acidic-halide- 
Pd-H-faujasite catalyst by incorporating halide funtionality into the 
Pd-H-faujasite thus speeding up the formation of carbonium ions by two 
Independent routes.
3. Modified faujasites can be prepared by varying the silica to 
alumina mole ratios. The dependency of the cyclohexane hydroisomeriza- 
tlon and hydrocracklng rates on the silica to alumina mole ratios would 






Run Number 1A IB 1C
Catalyst Type <------ ■ Pd-H-FaujasiLe J
Size, mm <------- 0.417 - 1. 168 ----- ;
Temperature, °F 490 492 491
Pressure, psla 465 465 465
Feed: <------ Cyclohexane -------- >
Partial Pressure, psla 45 46 46
W/hr/W 6.90 6.98 6.98
Hydrogen:
Partial Pressure, psla 420 419 419
Moles Hj/Mole Feed 9.29 9.19 9.19
Minutes on Feed 143 99 155
Product, moles per 1 0 0  moles feed
Hydrogen 949.30 916.52 916.62
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.47 0.61 0.54
Propane 0 . 0 0 1.51 1.46
I-Butane 1.30 0 . 0 0 0 . 0 0
N-Butane 0 . 0 0 0 . 0 0 0 . 0 0
I-Pentane 0.73 0.69 0.56
N-Pentane 0 . 0 0 0 . 0 0 0 . 0 0
I-Hexanes 0.71 0.37 0.39
N-Hexane 0.44 0.17 0 . 2 1
Methylcyclopentane 53.56 58.19 58.36
Cyclohexane 43.66 39.73 39.68
Cyclohexane + 0 . 0 0 0 . 0 0 0 . 0 0
Isomerization, X 53.56 58.19 58.36
Rate Constant, k ^ , cc./grm. sec. 0.3272 0.3847 0.38*
Cracking, X 2.78 2.08 1.96
Rate Constant, k 2 > cc./grm. sec. 0.0119 0.0108 0 . 0 1 (










Partial Pressure, psia 
W/hr/W
Hydrogen:
Partial Pressure, psla 
Moles H 2 /Mole Feed
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Partial Pressure, psla 
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Hydrogen:
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Rate Constant, k ^ , cc./grm. sec.
Cracking, X
Rate Constant, k 2 > cc./grm. sec.
Hydrogen Balance, Z
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Partial Pressure, psla 
W/hr/W
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Partial Pressure, psla 
Moles H 2 /Mole Feed
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Cracking, X

































Run Number 3D 3E 3F
Catalyst Type 4--------- •Pd H Faujasite----->
Size, mm <— ---------0.417-1.168 ------ >
Temperature, °F 490 489 490
Pressure, psla 465 465 465
Feed: 4------Cyclohexane ---- ------->
Partial Pressure, psla 46 45 42
W/hr/W 26.28 13.14 7.0
Hydrogen:
Partial Pressure, psla 419 419 423
Moles H^/Mole Feed 9.07 9.25 10.13
Minutes on Feed 1 1 0 410 545
Product, moles per 100 moles feed
Hydrogen 891.06 916.7 993.95
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.87 0.39 0.17
Propane 0 . 0 0 0 . 0 0 0.53
I-Butane 0 . 0 0 0 . 0 0 0.83
N-Butane 0 . 0 0 0 . 0 0 0 . 0 0
I-Pentane 0 . 0 0 0. 70 0.29
N-Pentane 0 . 0 0 0 . 0 0 0 . 0 0
1-Hexanes 0 . 1 0 0.44 0.42
N-Hexane 0.15 0.04 0.23
Methylcyclopentane 24.88 37.43 54.75
Cyclohexane 74.58 61.36 43.49
Cyclohexane + 0 . 0 0 0 . 0 0 0 . 0 0
Isomerization, Z 24.88 37.43 54.75
Rate Constant, k^, cc./grm. sec. 0.3647 0.3228 0.363
Cracking, Z 0.54 1 , 2 1 1.76
Rate Constant, k ^ , cc./grm. sec. 0.0133 0.0097 0.008










Partial Pressure, psla 
W/hr/W
Hydrogen:
Partial Pressure, psla 
Moles H 2 /Mole Feed
Minutes on Feed















Rate Constant, k ^ , cc./grm. sec.
Cracking, X
Rate Constant, k ^ , cc./grm. sec.
Hydrogen Balance, X
3G 3H 4 A
e--------  Pd-H-Faujasite . ■ - .. »
 *---------- 0.417-1.168  ►





























Run Number 4B 4C 4D
Catalyst Type <------- Pd-H-Faujasit e ------>
Size, mm «---------0.417-1.168-------->
Temperature, °F 510 520 530
Pressure, psla 465 465 465
Feed: <-------- Cyclohexane — ------->
Partial Pressure, psla 44 44 44
W/hr/W 7.00 6.98 7.00
Hydrogen:
Partial Pressure, psla 421 420 421
Moles H^/Mole Feed 9.53 9.51 9.57
Minutes on Feed IB 3 310 354
Product- m n l M  per 100 moles feed
Hydrogen 947.28 907.73 929.41
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.40 0.38 0.39
Propane 0.44 0 . 0 0 0 . 6 6
I-Butane 1 . 1 2 2 . 2 2 2.30
N-Butane 0 . 0 0 0 . 0 0 1.04
I-Pentane 0.52 0 . 0 0 1.53
N-Pentane 0 . 0 0 1.55 0.57
1-Hexanes 0 . 8 6 1.51 1.72
N-Hexane 0.29 0.76 0.38
Methylcyclopentane 66.96 69.86 69.45
Cyclohexane 29.91 24.97 22,82
Cyclohexane + 0.40 0 . 0 0 0.92
Isomerization, X 66.96 69.86 69.45
Rate Constant, k ^ , cc./grm. sec. 0.6207 0.8317 0. 924
Cracking, Z 3.13 5.16 7.72
Rate Constant, kj* cc./grm. sec. 0.0138 0.0223 0.034










Partial Pressure, psla 
W/hr/W
Hydrogen:
Partial Pressure, psla 
Moles ^ / M o l e  Fced
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Rate Constant, k^, cc./grm. sec.
Cracking, X




^_________  0.417-1.168 >
540 491 490
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W/hr/W
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Rate Constant, k^, cc./grm. sec.
Cracking, X
Rate Constant, k^, cc./grm. sec.
Hydrogen Balance, X
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Partial Pressure, psla 
W/hr/W
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Rate Constant, k ^ , cc./grm. sec.
Cracking, X
Rate Constant, k^, cc./grm. sec.
Hydrogen Balance, X
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Run Number 6 D 6 E 6 F
Catalyst Type <--------- Pd-H-Faujasite------->
Size, mm <------- 0.417-1.168--------->
Temperature, °F 489 490 490
Pressure, psla 465 265 465
Feed: <--------— Cyclohexane-------- >
Partial Pressure, psla 24 14 44
W/hr/W 6.97 6.97 6.97
Hydrogen:
Partial Pressure, psla 441 251 421
Moles H 2/Mole Feed 18.57 18.33 9. 57
Minutes on Feed 468 719 845
Product, moles per 100 moles feed
Hydrogen 1831.88 1819.82 946.39
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 1.16 1 . 1 2 1 . 8 8
Propane 0 . 0 0 1.95 0 . 0 0
I-Butane 1 . 1 2 5.45 0.81
N-Butane 0 . 0 0 0 . 0 0 0 . 0 0
1-Pentane 0 . 0 0 0 . 0 0 0.23
N-Pentane 0 . 0 0 0 . 0 0 0 . 0 0
1-Hexanes 1.44 0 . 0 0 0.28
N-Hexane 0 . 1 0 1.07 0.15
Methylcyclopentane 49.60 46.65 55.09
Cyclohexane 47. 74 47.03 42.91
Cyclohexane + 0 . 0 0 0.23 0.18
Isomerization, X 49.60 46.65 55.09
Rate Constantt k ^ , cc./grm. sec.
Cracking, X














Run Number 7A 7B 7C
Catalyst Type ^_________ Pd-H-Faujasite_______ >
Size, mm 4----------  0.417-1.168________ >
Temperature, °F 490 491 491
Pressure, psia 465 665 565
Feed:
Partial Pressure, psla 
W/hr/W
Hydrogen:
Partial Pressure, psiz 
Moles H 2/Mole Feed
Minutes on Feed















Rate Constant, , cc./grm. sec.
Cracking, X











1 0 0 80 196
867.99 474.34 467.77
0 . 0 0 0 . 0 0 0 . 0 0
0.34 1.44 0. 31
1.62 0 . 0 0 0 . 0 0
0 . 0 0 0.42 0.41
0 . 0 0 0 . 0 0 0 . 0 0
1.36 0 . 2 2 0 . 2 1





0.09 0 . 2 2 1.19
57.86 61.81 59.14
0.4058 0.1850 0.2152






Run Number 7D 7E 7F
Catalyst Type «-------- Pd-H-Faujasite!--------*
Size, mm <----------0.417-1.168 -------- >
Temperature, °F 491 491 491
Pressure, psla 465 370 265
Feed: <--------- .Cyclohexane ------- >
Partial Pressure, psla 73 58 39
W/hr/W 6.97 6.97 6.97
Hydrogen:
Partial Pressure, psla 392 311 225
Moles H^/Mole Feed 5.37 5. 32 5.74
Minutes on Feed 288 399 619
Product, moles per 100 moles feed
Hydrogen 451.77 437.06 518.76
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.34 0.26 0 . 0 0
Propane 0.17 0 . 2 1 0.17
I-Butane 0.79 1.24 2.45
N-Butane 0 . 0 0 0 . 0 0 0 . 0 0
I-Pentane 0.35 0.60 1 . 1 0
N-Pentane 0 . 0 0 0 . 0 0 0 . 0 0
I-Hexanes 0.49 0.54 0.52
N-Hexane 0.33 0.19 0.16
Methylcyclopentane 63.86 63.44 62.03
Cyclohexane 33.88 32.97 33.30
Cyclohexane + 0.36 1.16 1.17
Isomerization, X 63.86 63.44 62.03
Rate Constant, k ^ , cc./grm. sec. 0.3168 0.4052 0.5805
Cracking, X 2.26 3.59 4.67
Rate Constant, , cc./grm. sec. 0.0058 0.0106 0 . 0 2 1 1
Hydrogen Balance, X 92.72 92.0 96.0
TABLE A
RUN DATA
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0 . 0 0
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0 . 0 0
0.33











0 . 0 0
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Partial Pressure, psla 
W/hr/W
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Moles H 2 /Mole Feed
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Rate Constant, k ^ , cc./grm. sec.
Cracking, X
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Run Number 9A 9B 9C
Catalyst Type <------- Pd-H-Faujasit e -------->
Size, nan <--------_0.417-1.168 .--------- >
Temperature, °F 519 520 520
Pressure, psla 665 565 465
Feed : <---------— Cyclohexane -------- »
Partial Pressure, psla 32 28 23
W/hr/W 6.97 6.97 6.97
Hydrogen:
Partial Pressure, psla 633 537 442
Moles H 2 /Mole Feed 19.69 19.30 19.10
Minutes on Feed 552 646 744
Product, moles per 100 moles feed
Hydrogen 1941.43 1916.28 1893.95
Met hane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 1.84 3.23 0.59
Propane 0 . 0 0 0 . 0 0 0 . 0 0
I-Butane 2 . 1 1 0.53 0.80
N-Butane 0 . 0 0 0 . 0 0 0 . 0 0
I-Pentane 0.70 0.24 0.34
N-Pentane 0 . 0 0 0 . 0 0 0 . 0 0
I-Hexanes 0. 79 0.72 0 . 6 6
N-Hexane 0.33 0.30 0.26
Methylcyclopentane 63.45 67.27 66.63
Cyclohexane 32.37 29.81 31.10
Cyclohexane + 0.39 0.24 0.29
Isomerization, X 63.45 67.27 66.63
Rate Constant, k ^ , cc./grm. sec. 0.7132 0.9641 1.0915
Cracking, X 4.17 2.92 2.28
Rate Constant, kj, cc./grm. sec. 0.0291 0.0286 0.0193










Partial Pressure, psla 
W/hr/W
Hydrogen:
Partial Pressure, psla 
Moles H 2 /Mole Feed
Minutes on Feed


























Hydrogen 1873,24 1875.19 521.43
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.77 1.13 0 . 2 0
Propane 0 . 0 0 1.05 0.51
I-Butane 3,08 3.01 4.68
N-Butane 0 . 0 0 0 . 0 0 0 . 0 0
I-Pentane 1 . 6 8 1. 64 2.16
N-Pentane 0 . 0 0 0 . 0 0 0.42
I-Hexanes 0.64 0.85 2.71
N-Hexane 0.17 0.18 0.91
Methylcyclopentane 60.47 61.53 66.32
Cyclohexane 34.24 32.78 23.13
Cyclohexane + 0 . 6 6 0.33 1.15
Isomerization, X 60.47 61.53 66.32
Rate Constant, k ^ , cc./grm. sec. 1.1190 1.6231 0. 36(
Cracking, X 5.29 5.69 10.55
Rate Constant, k - , cc./grm. sec. 0.0585 0.0930 0 .0 1 '










Temperature, °F 520 521 520







W/hr/W 6.97 6.97 6.97
Hydrogen:
Partial Pressure, psla 478 307 390
Moles H 2 /Mole Feed 5.51 5.36 5.23
Minutes on Feed 1418 1721 2185
Product, moles per 100 moles feed
Hydrogen 494.37 445.95 512.76
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.42 0.25 0.30
Propane 0.54 0.97 0.58
I-Butane 5.03 9.78 5.15
N-Butane 0.78 1.17 0.80
1-Pentane 2.72 5.02 2.51
N—PenL&ne 0.51 0.71 0.53
I-Hexanes 1.83 3.26 1.64
N-Hexane 0.50 0.79 0.40
Methyleyelopentane 65.94 59.91 66.19
Cyclohexane 23.02 20.40 23.41
Cyclohexane + 1.49 2.57 1.26
Isomerization, X 65.94 59.91 66.19
Rate Constant, k^, cc./grm. sec.
Cracking, X






















Partial Pressure, psla 
W/hr/W
Hydrogen:
Partial Pressure, psla 
Moles H 2/Mole Feed
Minutes on Feed















Rate Constant, cc./grm. sac.
Cracking, Z
Rate Constant, cc./grm. sec.
Hydrogen Balance, X
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Partial Pressure, psla 
W/hr/W
Hydrogen:
Partial Pressure, psla 
Moles H^/Mole Feed
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Rate Constant, k ^ , cc./grm. sec.
Cracking, X
Rate Constant, k ^ , cc./grm. sec.
Hydrogen Balance, X








































Partial Pressure, psla 
W/hr/W
Hydrogen:
Partial Pressure, psla 
Moles H 2/Mole Feed
Minutes on Feed















Rate Constant, k ^ , cc./grm. sec.
Cracking, %
Rate Constant, k ^ , cc./grm. sec.
Hydrogen Balance, Z
H E  12A 12B
^__________Pd-H-Faujasite________ ^
 <__________  0.417-1.168__________ >
520 538 535
465 465 665

































Partial Pressure, pala 
W/hr/W
Hydrogen:
Partial Pressure, psla 
Moles ^ / M o l e  Feed
Minutes on Feed















Rate Constant, k ^ , cc./grm. aec.
Cracking, X




4 __________ 0.417-1.168_________ *
535 537 535
565 365 665



























Run Number 13B 13C 13D
Catalyst Type <-------- Pd-H-Faulaslte ^
Size, mm <----------0.417-1.168.--------->
Temperature, °F 533 535 535
Pressure, psla 565 465 365
Feed : <---------- Cyclohexane — --------►
Partial Pressure, psla 26 2 2 18
W/hr/W 6.90 6.90 6.90
Hydrogen:
Partial Pressure, psla 538 443 347
Moles H^/Mole Feed 20.36 2 0 . 1 0 19.46
Minutes on Feed 594 670 764
Product, moles per 100 moles feed
Hydrogen 2051.46 1991.95 1931.41
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.62 0.55 0 . 80
Propane 0.49 0. 90 0.90
I-Butane 1.48 2.29 2.38
N-Butane 0 . 0 0 0 . 0 0 0 . 0 0
I-Pentane 0.55 1.38 1 . 1 2
N-Pentane 0 . 0 0 0 . 0 0 0 . 0 0
X-Hexanes 1 . 0 0 0.87 0.95
N-Hexane 0.19 0 . 2 0 0,16
Methyleyelopentane 62.41 62.08 63.77
Cyclohexane 33.67 32.40 30. 24
Cyclohexane + 0. 72 0.98 1.41
Isomerization, X 62.41 62.08 63.77
Rate Constant, k^, cc./grm. sec. 0.7981 0.9874 1.3443
Cracking, X 3.92 5.53 5.99
Rate Constant, k^, cc./grm. sec. 0.0293 0.0504 0.0671




Run Number 13E 13F 14A
Catalyst Type <-------- Pd-H-Faujasite _
Size, mm 4--------- -0.417-1.168.--------- ►
Temperature, °F 535 520 521
Pressure, psia 265 465 465
Feed: 4--------- _ Cyclohexane _---------►
Partial Pressure, psla 13 42 44
W/hr/W 6.90 6.90 13.89
Hydrogen:
Partial Pressure, psia 252 423 421
Moles H^/Mole Feed 19.30 10.18 9.67
Minutes on Feed 870 942 130
Product, moles per 100 moles feed
Hydrogen 1899.06 1010.44 956.91
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.77 0.26 0.62
Propane 0.51 0.79 0 . 0 0
I-Butane 1.64 7,12 0.69
N-Butane 0.89 0 . 0 0 0 . 0 0
I-Pentane 1.44 3.19 0.31
N-Pentane 0 . 0 0 0.82 0 . 0 0
I-Hexanes 0.81 1.60 0.40
N-Hexane 0.15 0.43 0 . 2 2
Methylcyclopentane 63.04 56.89 63.69
Cyclohexane 31.59 27.92 34.34
Cyclohexane + 0 . 8 6 3.93 0.36
Isomerization, X 63.06 56.89 63.69
Rate Constant, k^, cc./grm. sec. 1.7367 0.5686 0.9868
Cracking, X 5.37 15.18 1.98
Rate Constant, k 2 » cc./grm. sec. 0.0840 0.0697 0.0181










Partial Pressure, psla 
W/hr/W
Hydrogen:
Partial Pressure, psla 
Moles Hj/Mole Feed
Minutes on Feed
Product, moles per 100 moles feed
14B 14C






















Hydrogen 1050.82 983.71 961.87
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.83 0.65 1 . 1 2
Propane 0 . 0 0 0 . 0 0 0.58
I-Butane 0.60 1.43 5.97
N-Butane 0 . 0 0 0 . 0 0 0. 90
I-Pentane 0.38 0.85 5.26
N-Pentane 0 . 0 0 0 . 0 0 0.63
I-Hexanes 0.60 0.84 5.89
N-Hexane 0.30 0.33 1.45
Methyleyelopentane 6 6 . 2 1 66.55 63.17
Cyclohexane 31.09 29.14 17.93
Cyclohexane + 0.69 1.08 1 . 2 0
Isomerization, X 6 6 . 2 1 66.55 63.17
Rate Constant, k^. cc./grm. sec. 0.8317 0.6408 0.82:
Cracking, X 2.69 4.31 18.90
Rate Constant, k _ , cc./grm. sec. 0.0171 0.0187 0.04J
























Partial Pressure, psla 431 424
Moles H2/Mole Feed 12.81 10.35
Minutes on Feed 788 883













Cyclohexane + 3.82 6.55
Isomerization, Z 39.16 54.68
Rate Constant, k^, cc./grm. sec. 0.8000 0.5861
Cracking, Z 45.98 18.72
Rate Constant, k2 » cc./grm. sec. 0,0733 0.0875




Run Number 15 A 15B 15C
Catalyst Type <-------- Pd-H— Fanj Aftl t. e j.
Size, mm <------- 0.417-1.168 .--------- >
Temperature, °F 521 522 521
Pressure, psla 465 465 465
Feed: <______ Methylcyclopent ane..
Partial Pressure, psla 40 38 40
W/hr/W 13.25 8.82 6.61
Hydrogen:
Partial Pressure, psia 425 426 425
Moles ^ / M o l e  Feed 10.62 11.07 10.57
Minutes on Feed 109 2 0 2 325
Product, moles per 100 moles feed
Hydrogen 1062.18 1121.18 1030.30
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.44 0.32 0.30
Propane 0.44 0.59 1.05
I-Butane 1.38 3.47 8.36
N-Butane 0.55 0 . 0 0 1.38
I-Pentane 0.94 1.61 4.17
N-Pentane 0 . 0 0 0 . 0 0 1 . 0 0
I-Hexanes 1 . 0 1 1. 78 2.35
N-Hexane 0.41 0.50 0.62
Methyleyelopentane 75.78 72. 34 61.52
Cyclohexane 18.60 19.40 20.60
Cyclohexane + 1.51 2.65 2.99
Isomerization, X 18.60 19.40 20.60
Cracking, X 5.61 8.27 17.87




Run Number 15D 15E 15F
Catalyst Type Pd—H—Fmijssi te j.
Size, mm <------- 0.417-1.168.--------->
Temperature, °F 522 523 520
Pressure, psla 465 465 465
Feed: ■4------ Methyl ryclnpentane ^
Partial Pressure, psla 41 40 40
W/hr/W 4.41 3.52 13.25
Hydrogen:
Partial Pressure, psia 424 425 424
Moles H^/Mole Feed 10.38 10.64 10.52
Minutes on Feed 428 537 883
Product, moles per 100 moles feed
Hydrogen 967.67 982.88 1031.30
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.32 0.47 0.37
Propane 3.43 4.94 0.54
I-Butane 19.89 26.09 2.55
N-Butane 2.24 3.03 0.87
I-Pentane 6.31 6.70 1 . 6 8
N-Pentane 1.47 1.67 0 . 0 0
I-Hexanes 5.98 5. 53 1 . 1 0
N-Hexane 1.61 1.64 0.29
Methylcyclopentane 42.55 37.10 75.02
Cyclohexane 18.80 18.38 17.83
Cyclohexane + 6.84 7.14 1.45
Isomerization, % 18.80 18.38 17.83
Cracking, Z 38.65 44.52 7.15




Run Number 16A 16B 16C
Catalyst Type <---------.Pd-H—Faujaaite _
S 1 z e | nffi <--------- 0.417-1.168_
m o„ Temperature, F 519 520 520
Pressure, psia 465 465 465
Feed: Cyclohexane + *Methylcyclopentane (23/77 mole %)
Partial Pressure, psla 41 39 41
W/hr/W 13.40 8.94 6.70
Hydrogen:
Partial Pressure, pBla 424 426 423
Moles H 2 /Mole Feed 10.37 1 1 . 0 1 10.23
Minutes on Feed 958 1068 1157
Product, moles per 100 moles feed
Hydrogen 1023.82 1058.93 985.44
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Et hane 0.41 2.09 0. 32
Propane 0.45 0.42 1 . 1 1
I-Butane 1.84 3.00 8.64
N-Butane 0 . 0 0 0.78 1.60
I-Pentane 0.95 1.94 4.85
N-Pentane 0 . 0 0 0.15 1.13
I-Hexanes 0 . 8 6 1.45 2 . 6 6
N-Hexane 0.24 0.34 0 . 6 8
Methyleyelopentane 74.50 6 8 . 0 1 57.51
Cyclohexane 21.07 22.15 21.69
Cyclohexane + 0.80 2.46 4.27
Cracking, X 4.43 9.84 2.08
Hydrogen Balance, X 99.6 98.2 99.2




Run Number 16D 16E 16F
Catalyst Type <,-------- Pd-H-Fanjasfre „ „ j.
Size, mm 0.417-1.168.------- >
Temperature, °F 521 522 520
Pressure, psia 465 465 465
Feed: Cyclohexane + Methylcyclopentane (23/77 mole %)*
Partial Pressure, psla 38 39 42
W/hr/W 4.47 3.57 13.40
Hydrogen:
Partial Pressure, psla 427 425 423
Moles H 2/Mole Feed 11.37 10.82 10.14
Minutes on Feed 1257 1360 1713
Product, moles per 100 moles feed
Hydrogen 1045.42 964.56 1005.69
Methane 0 . 0 0 0 . 0 0 0 . 0 0
Ethane 0.29 0.77 0.34
Propane 1.63 4.09 0.56
I-Butane 14.54 40.12 2.58
N-Butane 1.89 4.29 0.94
I-Pentane 8.05 19.92 2 . 1 2
N-Pentane 1.25 1.45 0.53
I-Hexanes 6 . 1 0 6.34 1. 23
N-Hexane 1.40 1.27 0.49
Methylcyclopentane 49.36 27.81 68.55
Cyclohexane 18.36 10.37 21.13
Cyclohexane + 4.21 3.85 3.15
Cracking, Z 32.01 61.82 10.32
Hydrogen Balance, Z 97.0 98.0 1 0 0 . 2










Partial Pressure, psla 
W/hr/W
Hydrogen:
Partial Pressure, psia 
Moles H 2 /Mole Feed
Minutes on Feed















Rate Constant, k^, cc./grm. sec.
Cracking, X
Rate Constant, k^, cc./grm. sec.

























































The calculations for this study were performed on the IBM-360 
computer of the Louisiana State University Computing Center, The 
program employed In this work is a modification of the comprehensive 









Minutes on balance 
Hydrogen in
Temperature of hydrogen in 
Cyclohexane in 
Product gas out 















B . Analytical Data
GC Factor,
Component gm-mole per unit area xlO 3 Peak Area
Cl 3.765 0 . 0 0 0
C 2 2.496 0.661
C 3 2.006 1.425
1 C4 1.707 5.807
c.* 1.685 2.655
1C5 1.580 4 .177






CH + 1.147 3.747
C . Material Balance Calculatlona
Baals; 26 mln.
Weight of CH fed - (16.33 (|£ hr) (0.779 - 5.5075 gmhr bu cc
Gram moles of CH fed - ^84^16 ** ®*®^96
Grams of carbon In CH fed ■ (0.0696) (72 gm c/mole CH) ■ 5.0112 gm
Grama of H 2 In CH fed * (0.0696) (12.10 gm H 2 /mole CH) * 0.8421 gm
Weight hourly space velocity * w/hr/w « (5,5075 gm/26 mln)
(60 mln/1 hr)/(1.8166 gm) - 6.9963
As obtained from the Infotronlcs Digital Ingegrator Model CRS-110.
Volume of H 2 gas In @ 60°F and 1 atm ■ (0.585 ft3) (0.891) - 
0.521 ft 3
Gram moles of H2 gas In ■ (0.521 ft3) (1.20 gm moles/ft3) *
0.625 gm moles
Gram of H 2 as gas in - (0.625 gm moles) (2.016 — ^ — :— ) - 1.260gm-mole
Partial pressure of CH - (465 psia) (0.0696)/(0.0696 + 0.625) - 
44 psla
Partial pressure of H 2 “ 465-44 “ 421 psla 
H 2/CH molar ratio - (0.659)/(0.0696) - 9.5
Volume of product gas out @ 60°F and 1 atm ■ (0.638) (0.885) - 
0.564 ft 3
Gram moles of product gas out * (0.564 ft3) (1.20 gm mole/ft3) * 
0,677 gm moles
Assume grams of carbon In cyclohexane feed - grams of carbon in 
product ■ 5.011 gm
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Molar weighting factors for hydrocarbons In product gas * 
(peak area/100) (GC factor) :
(Peak Area/100) x
Component (GC Factor) Molar Weighting
Ci (0 .0 0 0 ) (3.765) 0.0000
C 2 (0.007) (2.496) 0.0175
C 3 (0.014) (2.006) 0.0281
1 C 4 (0.058) (1.707) 0.0990
c 4 (0.027) (1.685) 0.0455
iCb (0.042) (1.580) 0.0664
C 5 (0.016) (1.495) 0.0239
2-MP (0.037) (1.308) 0.0484
3-MP (0 ,0 2 0 ) (1.318) 0.0264
n C b (0.013) (1.278) 0.0166
MCP (2 .1 2 0 ) (1.411) 2.9913
CH (0 .6 6 8 ) (1.471) 0.9826
CH + (0.037) (1.147) 0.0424
S - 4.3881 
MWF
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Hydrogen-free mole fractions of hydrocarbon components In 
product gas ■ (molar weighting factor) / (J^^) :
Hydrogen Free
Component (Molar Weighting Factor) / (X*-™) Mole Fraction
Cl ( 0 * 0 0 0 0 ) / ( 4 . 3 8 8 1 ) 0 . 0 0 0 0
C 2 ( 0 . 0 1 7 5 ) / ( 4 . 3 8 8 1 ) 0 . 0 0 4 0
C 3 ( 0 . 0 2 8 1 ) / ( 4 . 3 8 8 1 ) 0 . 0 0 6 4
iCif ( 0 . 0 9 9 0 ) / ( 4 . 3 8 8 1 ) 0 . 0 2 2 6
Ct, ( 0 . 0 4 5 5 ) / ( 4 , 3 8 8 1 ) 0 . 0 1 0 4
( 0 . 0 6 6 4 ) / ( 4 . 3 8 8 1 ) 0 . 0 1 5 1
Cs ( 0 . 0 2 3 9 ) / ( 4 . 3 6 8 1 ) 0 . 0 0 5 4
2 - M P ( 0 , 0 4 8 4 ) / ( 4 . 3 8 8 1 ) 0 . 0 1 1 0
3 - M P ( 0 . 0 2 6 4 ) / ( 4 . 3 8 8 1 ) 0 . 0 0 6 0
nCt, ( 0 . 0 1 6 6 ) / ( 4 . 3 8 8 1 ) 0 . 0 0 3 8
M C P ( 2 . 9 9 1 3 ) / ( 4 . 3 8 8 1 ) 0 . 6 8 1 6
C H ( 0 . 9 8 2 6 ) / ( 4 , 3 8 8 1 ) 0 . 2 2 3 9
C H  + ( 0 . 0 4 2 4 ) / ( 4 . 3 8 8 1 ) 0 . 0 0 9 7
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Grams of carbon per gram mole of product gas » (hydrogen-free
mole fraction)(grams of carbon per gram mole of hydrocarbon):
Gram carbon
(Hydrogen-free mole fraction) per gram
Component x(grams of carbon per gram mole) mole gas
Ci (0 .0 0 0 0 ) (1 2 .0 1 ) 0 . 0 0 0 0
c 2 (0.0040) (24.02) 0.0961
C 3 (0.0064) (36.03) 0.2306
iC4 (0.0226) (48.04) 1.0857
c 4 (0.0104) (48.04) 0.4996
(0.0151) (60.05) 0.9067
C 5 (0.0054) (60.05) 0.3242
2-MP (0 .0 1 1 0 ) (72.06) 0.7920
3-MP (0.0060) (72.06) 0.4323
nCb (0.0038) (72.06) 0.2738
MCP (0.6816) (72.06) 49.1160
CH (0.2239) (72.06) 16.1342
CH + (0.0097) (72.06) 0.6989
scc ■ 70-5901
Actual gram moles of product gas out - (grams of carbon out)/
(grams of carbon per gram mole of gas out) ■ (5,Oil)/(70.5901) 
- 0.0710
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Gram moles of hydrocarbon components In product gas “ (hydrogen- 
free mole fraction) (actual gram moles of product gas)
(Hydrogen-free mole Fraction)x Gram moles in
Component (actual gram moles of product gas) Product gas
Ci (0 .0 0 0 0 ) (0.0710) 0 . 0 0 0 0 0
c 2 (0.0040) (0.0710) 0.00028
c 3 (0.0064) (0.0710) 0.00045
iCi* (0.0226) (0.0710) 0.00160
Ci* (0.0104) (0.0710) 0.00074
ic5 (0.0151) (0.0710) 0.00107
Cs (0.0054) (0.0710) 0.00038
2 -MF (0 .0 1 1 0 ) (0.0710) 0.00078
3-MP (0.0060) (0.0710) 0.00043
nCe (0.0038) (0.0710) 0.00027
MCP (0.6816) (0.0710) 0.04839
CH (0.2239) (0.0710) 0.01589
CH + (0.0097) (0.0710) 0.00068
0.0710
157
Gran moles of hydrocarbon components In product gas per 100 
moles of CH fed:
(Gram moles In product gas out) Gram moles per
Component (100)/(gram mole of CH fed) 100 moles of CH
Ci ( 0 . 0 0 0 0 ) / ( 0 . 0 6 9 6 )  0.00
C 2 ( 0 . 0 2 8 ) / ( 0 . 0 6 9 6 )  0 . 4 0
C 3 ( 0 . 0 4 5 ) / ( 0 . 0 6 9 6 )  0 . 6 5
ICl* ( 0 . 1 6 0 ) /  ( 0 . 0 6 9 6 )  2 . 3 0
C„ ( 0 . 0 7 4 ) / ( 0 . 0 6 9 6 )  1 . 0 6
1 C 5 ( 0 . 1 0 7 ) / ( 0 . 0 6 9 6 )  1 . 5 4
C 5 ( 0 , 0 3 8 ) / ( 0 . 0 6 9 6 )  0 . 5 5
2 - M P  ( 0 . 0 7 8 ) / ( 0 , 0 6 9 6 )  1 . 1 2
3 - M P  ( 0 . 0 4 3 ) / ( 0 . 0 6 9 6 )  0 . 6 2
nC 6 ( 0 . 0 2 7 ) / ( 0 . 0 6 9 6 )  0 . 3 9
M C P  ( 4 . 8 3 9 ) / ( 0 . 0 6 9 6 )  6 9 . 5 2
C H  ( 1 . 5 8 9 ) / ( 0 . 0 6 9 6 )  2 2 . 8 3
C H  +  ( 0 . 0 6 8 ) / ( 0 . 0 6 9 6 )  0 . 9 8
101.96
Isomerization, X ~ Mole X MCP _ 69.52 
Cracking, X ■ (Conversion of CH- Isomerization)
- [(100-22.83) - 69.521 - 7.65 
Hydrogen free mole fraction of CH ■ Ya * 22.83/101.96 •* 0.2239 
Hydrogen free mole fraction of MCP ■ " 69.52/101.96 - 0.6818
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Grams of hydrogen In product gas ■ (grama of hydrogen per mole 
of hydrocarbon) (moles of hydrocarbon In product gas): 
(Grams of hydrogen per mole of Grams of
Component hydrocarbon)x(moleB of hydrocarbon) hydrogen out
C 1 (4.032) (0 .0 0 0 0 0 ) 0 .0 0 0 0 0
C 2 (6.048) (0.00028) 0.00169
C 3 (8.064) (0.00045) 0.00363
iC,, (10.080) (0.00160) 0.01613
Cu (10.080) (0.00074) 0.00746
(12.096) (0.00107) 0.01294
C 5 (12.096) (0.00038) 0.00459
2-MP (14.112) (0.00078) 0 . 0 1 1 0 1
3-MP (14.112) (0.00043) 0.00607
nCb (14.112) (0.00027) 0.00381
MCP (12.096) (0.04839) 0.58532
CH (12.096) (0.01589) 0.19221
CH + (16.128) (0.00068) 0.01097
0.8413
Hydrogen balance I - 100 x [ « 2  out as gas + H 2  out with hydrocarbons] 
y ® * [H2 In as gas + H 2 In with hydrocarbons]
- [2.016 (0.677-0.071) + 0.8413] ,
Hydrogen balance, X - 100 x ------- [1.260 + 0.8421] ' ' “ 9 8  1
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D. Computation of Rate Constants
1. Hydrocracking Rate Constant
!in [w ] I
kj * hydrocarcking rate constant 
t8 ■ superficial contact time







molecular weight of CH feed ■ 84.16 gm______
gm mole
pressure * 465 psla
temperature ■ 530°F - 990°R
gas law constant ■ 10.73 ft 3 pala
°R lb-mole
weight hourly space velocity ■ 6.996 gm/hr/gm 
H2 /CH molar ratio » 9.5
s (84.16 gm_____ \gm-mole Jk 1 ft 3832x10 cc(990°R)
tg “ 2.889 gm-sec
cc
)
(465 psia) [453.6 gm-mole
______ lb-mole








hydrogen free mole fraction of cracked products ~
1—Y -Y. - 0.0943 a d
k 2 -
!.889) j l n  [(1-0.0943)] j "  °'034 cc(2.twv f Lli~u '^^d7 J\ gm-sec
2. Hydroisomerization Rate Constant
The hydroisomerlzation rate constant is calculated by trial 
and error as demonstrated in Chapter V. However, In order to set In
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motion the Pattern search technique utilized In the present study, an 
Initial approximation of the hydrolaomerlzation rate constant must be 
supplled.
The initial estimate of the rate constant is obtained by 
considering only the first order reversible reaction of cyclohexane to 
methylcyclopentane. The rate constant for this simplified system is 
similar to that obtained for the hydrocracking reaction but it 
involves an equilibrium concentration term as follows:
kj - In
Y b
Ya + Yb :)
kj “ hydroisomerlzation of CH rate constant.
EYb - mole fraction of MCP in MCP + CH mixture at equilibrium.
E e (-4810/°R + 6.114) ^(-4810/990 + 6.114)
Yb “ T  f-4810/*R + 6.114> 1 " T T “  (-4810/990 + 6.114)'i + ,<-*aio/6R +  6.1W)J [ 7 T 7
0.778
Ya + Y b
0,6818 
(0.6818 + 0.2239) - 0.753
kl - (0-77.8). ln 








Molar concentration of species 1, 1 ■ a for cyclo­
hexane, and l « b for methylcyclopentane 
Axial dispersion coefficient
Rate constant for the cyclohexane to methylcyclo­
pentane reaction
Rate constant for the methylcyclopentane to cyclohexane 
reaction
Rate constant for the cyclohexane to cracked products 
reaction
Rate constant for the methylcyclopentane to cracked 
products reaction
Equilibrium constant for the cyclohexane - methyl­
cyclopentane system
Frequency factors for the cyclohexane hydrolsomerlza- 
tlon and hydrocracking respectively 
Constants dependent on catalyst and temperature for 
hydroIsomerization and hydrocracking respectively 
Constant dependent on catalyst and temperature for 
hydrocracking
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Adsorption coefficients for cyclohexane, 
methylcyclopentane, cracked products, and 
hydrogen respectively
Adsorption coefficient for hydrocarbon 
components
Adsorption parameter associated with the total 
pressure formulation
Molecualr weight of cyclohexane feed 
Adsorption model exponent, n ■ 1 for single
site, and n ■ 2 for dual site.
Total gas molar flow rate
Molar flow rate of cyclohexane and methylcyclo­
pentane respectively 
Axial dispersion rate of species 1 
Partial pressures of cyclohexane, methylcyclo­
pentane, cracked products, and hydrogen 
respectively.
Partial pressure of hydrocarbon components
Predicted hydrogen-free mole fraction of
cyclohexane (i ■ 1 ) or methylcyclopentane (i - 
Total pressure 
Gas law constant
Rate of appearance of cyclohexane and methyl­
cyclopentane respectively 
Molar hydrogen to hydrocarbon ratio 
Absolute temperature, degrees Ranklne 
Temperature, degrees Fahrenheit 
Superficial contact time based on catalyst w t .
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V - Total gas volumetric flow rate
Wc - Catalyst weight
W/hr/W - Weight hourly space velocity
ya , y^ - Mole fraction of cyclohexane and methylcyclo­
pentane respectively 
Ya , Yjj, Y c - Hydrogen-free mole fractions of cyclohexane
methylcyclopentane and cracked products 
respectively
Y°, Y° - Hydrogen-free mole fraction of cyclohexane and
methylcyclopentane respectively at a superficial 
contact time equal to zero.
* *Ya , Y|j - Hydrogen-free mole fraction of cyclohexane and
methylcyclopentane respectively at a superficial 
contact time equal to infinite, 
z - Longitudinal reactor length
AEi, AE 2 - Activation energies for the cyclohexane
hydroisomerization and hydrocracking 
respectively 
tt - Total pressure
o - Standard deviation
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